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FOREWORD 

This  report  was  prepared  by  the  Applied  Physics  Section,  Physics  Technology  Depart¬ 
ment,  Aero-Space  Division,  Boeing  Airplane  Company,  Seattle,  Washington,  on  Air  Force  con¬ 
tract  AF  33(616)-7531,  under  Task  No.  42018  of  Project  No.  0(1-5237),  “Transient -Radiation  , 
Effects  to  Electronic  Systems'’.  It  contains  the  results  of  the  radiation  effects  test  carried 
out  at  the  Kukla  critical  assembly,  Lawrence  Radiation  Laboratory  in  June,  1960. 

This  work  was  carried  out  under  the  direction  of  Dr.  Donald  A.  Hicks,  Chief,  Applied 
Physics  Section,  Boeing  Airplane  Company.  Dr.  Glenn  L.  Keister  was  the  Boeing  scientist  di¬ 
rectly  responsible  for. the  research  activity.  The  studies  presented  began  in  June,  1960  and 
were  concluded  in  September,  1960. 

The  work  projected  in  Parts  I  and  IT  of  this  report  was  originally  under  Electronic  Tech¬ 
nology  Laboratory  but  responsibility  was  later  transferred  to  Communications  Laboratory, 
Wright  Air  Development  Division,  Air  Research  and  Development  Command,  United  States  Air 
Force,  Wright-Patterson  Air  Force  Base,  Ohio.  Part  II  of  this  report,  originally  prepared  as 
Appendix  H,  is  being  published  separately  as  Part  11  because  of  its  security  classification 
(Secret — Restricted  Data). 

The  chief  contributors  to  these  studies  are  cited  on  the  title  pages  of  the  report.  The  fol¬ 
lowing  Boeing  personnel  also  contributed  to  this  work:  R.  K.  Fuchs,  B.  A,  Herron,  J.  N.  Hoegh, 
L.  B.  Johnson,  D.  M.  Jenkins,  N.  T.  Jolley,  P.  M.  McLellan,  G.  G,  Stevens,  and  E.  J.  White. 

We  wish  to  express  our  thanks  to  Dr.  John  S.  Foster,  Jr.,  Assistant  Director  of  the  Law¬ 
rence  Radiation  Laboratory  and  Dr.  A.  J.  Kirschbaum,  head  of  its  Reactor  Division,  and  the 
personnel  under  their  direction,  for  the  many  courtesies  and  concessions  extended  to  us  to 
permit  carrying  out  the  Kukla  tests.  In  particular  v/e  wish  to  thank  Lt.  Commander  E.  R. 
Christie  for  operation  of  the  Kukla  facility,  and  the  Lawrence  Radiation  Laboratory  and  San 
Francisco  Operations  Office  of  the  Atomic  Energy  Commission  for  allo-wing  the  use  of  photo¬ 
graphs  taken  during  the  test. 

This  report  concludes  the  work  on  contract  AF  33(616)-7531. 
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ABSTRACT 


A  series  of  tests  were  performed  at  the  Kukla  pulse  reactor  at  Livermore,  California. 
These  tests  verified  that  the  operation  of  the  reactor  for  transient  radiation  testing  was 
similar  to  the  Godiva  pulse  reactor.  New  radiation  effects  information  was  obtained  on  tran¬ 
sient  radiation  induced  breakdown  of  spark  gaps  and  thryatrons ;  transient  conductivity  in 
several  types  of  dielectric  materials,  capacitors,  and  a  Germanium  semiconductor  diode,  A 
description  of  the  reactor  operation  and  dosimetry  used  during  the  tests  is  discussed.  Exist¬ 
ing  information  on  the  transient  radiation  pulse  from  a  weapon  detonation  was  compiled  and 
discussed.  The  correlation  of  pulse  reactor  information  with  the  weapon  environment  is  con¬ 
sidered.  The  implication  of  weapon  system  requirements  on  transient  radiation  effects  test¬ 
ing  is  also  presented. 
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INTRODUCTION 


This  report  contains  the  results  of  the  radiation  effects  test  carried  out  at  the  Kukla  criti¬ 
cal  assembly,  Lawrence  Radiation  Laboratory,  Livermore,  California,  in  June,  1960.  The 
Kukla  facility  was  constructed  by  the  Lawrence  Radiation  Laboratory  during  the  period  from 
December,  1959  to  May,  1960  with  the  aid  of  Boeing  pei'sonnel.  The  Boeing  work  was  funded 
under  Air  Force  Contract  AF  33(600) -35030  Since  the  facility  is  new,  special  tests  were  re¬ 
quired  to  allow  it  to  be  successfully  utilized.  These  included  dosimetry  measurements  and 
tests  of  the  interaction  of  radiation  with  cables  and  instrumentation.  Making  use  of  tests 
already  planned  for  CCN  No.  11  to  Contract  AF  33(600) -35050  allowed  specific  part  informa¬ 
tion  to  be  obtained  on  gaseous  and  solid  dielectric  materials,  semiconductor  diodes,  and 
thyratrons . 

The  organization  of  this  report  was  keyed, toward  providing  the  results-  of  the  program  in 
a  form  which  may  be  quickly  assimilated  by  either  the  limited  or  specialized  reader.  Details 
and  test  data  have  been  placed  in  appendices  to  free  the  body  of  the  report  for  summary  and 
correlation  data.  To  achieve  additional  utility,  the  report  was  divided  into  two  separately 
bound  parts.  Part  I,  W'hich  is  Unclassified,  contains  all  of  the  test  data,  including  summary 
and  conclusions.  Part  II,  which  is  classified  Secret — Restricted  Data,  discusses  the  prob¬ 
lems  encountered  in  attempting  to  correlate  the  test  environment  with  the  nuclear  weapon 
environment  The  material  contained  in  Part  I  may  stand  independently  from  Part  II. 


Manuscript  released  by  the  author  September  1960  for  publication  as  a  WADD  Technical  Note. 
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PROGRAM  PURPOSE  AND  OBJECTIVES 


This  program  was  keyed  toward  providing  test  data  in  a  fonn  which  will  be  useful  to  com¬ 
ponent  and  systems  designers  who  are  concerned  with  operations  in  a  nuclear  or  potential 
nuclear  environment. 

The  primary  purpose  of  this  program  was  to: 

1:  Determine  the  effect  of  nuclear  radiation  on  basic  electronic  piece  parts,  and 

2 .  Apply  this  information  to  the  synthesis  and  testing  of  basic  building  block  circuitry 
which  may  be  used  in  extra-atmospheric  vehicle  systems  in  a  manner  which  could  be  used  to 
make  them  resistant  to  transient  radiation  effects. 

In  addition  to  the  test,  work  was  to  be  performed  on  the  analysis  of  cirbuit  and  piece  part 
test  requirements  for  transient  radiation  effects  prediction.  This  work  was  specifically 
directed  toward  extra-atmospheric  systems .  In  addition,  the  nuclear  weapon  environment 
associated  with  these  systems  was  to  be  studied. 
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SUMMARY  OF  WORK  ACCOMPLISHED 


WEAPON  SYSTEM  ANALYSIS 

Since  the  purpose  of  testing  materials  in  a  transient  radiation  environment  is  to  produce 
data  for  use  in  designing  future  military  systems,  the  requirements  of  such  systems  should 
influence  the  testing  performed.  A  future  weapon  systems  study  was  made  in  order  to  deter¬ 
mine  the  systems  requirements  so  that  the  radiation  testing  program  could  be  directed  toward 
satisfying  those  requirements  which  were  discovered..  The  results  of  such  a  weapon  systems 
study  could  not  influence  the  testing  program  under  this  contract;  therefore  the-study  was  di¬ 
rected  toward  establishing  goals  for  a  future  testing  program. 


The  results  of  the  weapon  system  study  indicated  that  transistorized  circuitry  of  the  type 
which  may  be  found  in  a  digital  computer  were  in  general  the  most  susceptible  to  a  transient 
radiation  environment  and  at  the  same  time  most  commonly  used.  Typical  examples  of  these 
circuits,  as  used  in  design  stage  weapon  systems,  were  obtained.  They  proved  to  be  more  com¬ 
plex  than  would  be  dtsired  for  a  “first  attempt”  analysis  program. 

BASIC  BUILDING  BLOCK  CONCEPT 

The  sample  circuits  obtained  could  either  be  tested  in  their  entirety  or  they  could  be  broken 
down  into  simpler  component  circuits.  To  test  them  in  their  entirety  would  supply  a  basic  go- 
no-go  answer;  it  would  either  certify  or  reject  those  particular  circuits  for  use  in  a  given  ap¬ 
plication.  It  was  believed  that  this  was  not  wanted;  but  rather,  that  it  would  be  desirable  to  de¬ 
velop  analytical  methods  which  would  allow  the  prediction  of  the  behavior  of  any  circuit  con¬ 
figuration.  Therefore,  an  analysis  program  was  indicated.  The  typical  circuits  were  broken 
down  into  simpler  basic  building  block  types.  The  building  blocks  obtained  were; 

1.  Balanced  amplifiers  (differential  amplifier  stages). 

2.  Multivibrators  (free  running,  one  shot  and  controlled). 

3.  D.C.  coupled  multivibrators  (flip-flop  and  trigger  circuits). 

4.  Clipper  and  limiter  netw'orks. 

5.  Blocking  oscillators. 

6.  Phase  inverter  circuits. 

7.  Single  stage  amplifiers  (grounded  emitter,  grounded  collector,  and  grounded  base). 

All  of  the  above  building  blocks  were  transistorized;  simplified  schematic  diagrams  of 
each  of  these  circuit  types  are  shown  in  Appendix  \TI,  An  analysis  technique,  which  can  pre- 
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diet  the  behavior  of  each  of  these  circuit  types  under  radiation,  can  be  extended  to  predict  the 
behavior  of  the  more  complex  circuitry  found  in  the  typical  circuits  used  in  the  actual  weapon 
systems. 

Having  determined  what  should  be  analyzed  and  studied,  the  next  step  was  to  decide  upon 
a  method  of  attack.  It  was  known  that  the  circuits  obtained  commonly  used  only  resistors, 
capacitors,  diodes,  and  transistors.  If  attention  was  directed  toward  only  selected  representa¬ 
tive  types  of  these  piece  parts,  then  sufficiently  detailed  information  could  be  obtained  about 
the  behavior  of  them  to  permit  circuit  analysis.  Therefore,  an  intensive  program,  limited  to 
specific  piece  parts,  was  planned. 

The  specific  information  on  the  piece  parts  obtained  in  the  testing  program  can  be  used 
to  determine  the  circuit  behavior  of  each  of  these  parts.  This  circuit  behavior  may  be  either 
represented  by  means  of  an  equivalent  circuit  or  by  means  of  a  matrix  with  time  varying  coef¬ 
ficients.  Behavior  can  also  be  simulated  on  an  analog  computer  directly.  Once  the  piece  part 
behavior  is  known,  the  behavior  of  the  circuit  to  be  analyzed  may  be  determined  by  either  an¬ 
alytical  methods  or  by  purely  analog  methods,  whichever  appears  more  feasible.  In  the  first 
instance,  the  analog  computer  solves  the  equations;  in  the  second,  the  computer  becomes  a  di¬ 
rect  analog.  Both  possibilities  should  be  examined. 

The  requirements  for  piece  part  representation  specify  the  measurements  which  must  be 
obtained  in  the  testing  program.  Therefore,  work  was  initiated  to  determine  the  expected  piece 
part  circuit  representation  so  that  the  desired  measurements  could  be  defined.  In  some  cases 
(resistors  and  capacitors)  this  work  has  been  carried  to  the  point  where  not  only  the  desired 
measurements  have  been  defined,  but  also  the  method  of  measurement. 

MATERIALS  .4ND  PIECE  PART  TESTS 

A  test  series  was  conducted  at  the  Kukla  prompt  critical  assembly  in  Livermore,  Cali¬ 
fornia  to  determine  the  transient  radiation  effects  on  gases,  dielectrics,. and  semiconductors.  , 
This  test  was  the  first  radiation  effects  test  to  be  carried  out  at  the  Kukla  facility  and  con¬ 
siderable  dosimetry  was  performed  by  both  the  Lawrence  Radiation  Laboratory  and  Boeing 
personnel  to  determine  the  test  radiation  environment.  Detailed  technical  reports  are  included 
on  each  phase  of  the  test  series  as  appendices  to  this  report. 

The  Kukla  reactor  was  undergoing  preliminary  tests  to  check  its  operation  during  this  test 
series  and  maximum  excursions  were  not  obtained.  Livermore  operated  nuclear  weapon  diag¬ 
nostic  equipment  during  the  test  series  and  made  the  information  on  fission  rate  as  a  function 
of  time  available  for  dosimetry  purposes.  This  information  proved  valuable  in  reducing  the  ef¬ 
fects  data  on  gases  and  dielectrics.  This  is  the  first  time  equipment  of  thi.s  type  was  used  in 
this  manner.  In  addition  to  the  photodiode  diagnostic  equipment,  information  was  obtained  on 
test  environment  wdth  the  following  types  of  dosimeters : 

Fission  foils 
Sulfur 

Gold-cadmium  covered  gold 

Sigoloff 

.SEMIRAD 
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The  fission  foils  were  furnished  by  Livermore  and  the  remainder  were  furnished  by 
Boeings 

The  experiments  in  gas  ionization  problems  were  directed  toward  the  fairly  well  investi¬ 
gated  problem  of  transient  induced  firing  of  thyratrons  and  the  not  so  well  investigated  prob¬ 
lem  of  transient  radiation  induced  firing  of  spark  gaps. 

The  thyratron  experiments  were  not  conclusive  because  of  the  low  radiation  rates.  How¬ 
ever,  the  information  obtained  was  consistent  with  the  data  available  from  DOFL  on  the  same 
type  thyratron.  Figure  56  shows  the  voltage  setting  and  radiation  rates  superimposed  on  the 
DOFL  curve. 

The  investigation  of  the  spark  gap  made  use  of  the  diagnostic  data  to  determine  the  radia¬ 
tion  rate  at  which  the  gap  fired.  This  technique  allowed  a  considerable  amount  of  information 
to  be  obtained  from  the  test,  although  the  radiation  rates  were  not  above  10®  r/sec. 

Figure  54  shows  the  percent  reduction  in  the  firing  potential  of  a  spark  gap  as  a  func¬ 
tion  of  radiation  rate  for  14.7  PSI  of  air  and  23°C.  Time  did  not  permit  this  information 
to  be  obtained  for  any  other  conditions. 

Investigation  of  dielectric  materials  exposed  to  gamma  radiation  up  to  10^  r/sec  has 
shown  that  the  conductivity  change  can  be  represented  by: 

O'  = 

where  (j)  is  the  radiation  rate 
is  between  0.5  and  1 

The  present  investigations  of  Vitamin  Q  and  mylar  dielectrics  have  verified  this  relation¬ 
ship  up  to  radiation  rates  of  10®  r/sec.  Figures  38  and  39  show  the  consistency  of  these  data. 
These  data  were  also  generated  using  the  diagnostic  dosimetry  information.  Correlation  of 
this  information  was  also  established  with  various  types  of  capacitor  construction  to  allow 
prediction  of  capacitor  dielectric  leakage.  The  variation  in  dielectric  constant  for  the  dielec¬ 
trics  considered  was  determined  to  remain  constant  through  radiation  pulses  up  to  10®  r/sec. 

Investigation  of  the  ,1N277  germanium  gold-bonded  diode  indicates  that  changes  in  the  for¬ 
ward  characteristics  were  small  enough  to  be  neglected  for  pulses  up  to  10®  r/sec.  The  re¬ 
verse  current  pulse  varied  largely  among  diodes  but  it  was  found  that  the  amplitude  of  the 
current  pulse  could  be  related  to  the  dynamic  resistance  of  the  diode  as  measured  at  the  ap¬ 
plied  voltage.  The  relationship  is  defined  by: 

Al  =  (a  +  b  Rsh)R 
vdiere  A I  is  the  current  change 
a  and  b  are  constant 
Rsh  =  diode  initial  shunt  resistance 
R  =  gamma  rate  in  r/sec 
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Two  sets  of  diodes  were  measured  having  considerably  different  Rgj^  and  R»  Set  one  was 
used  to  predict  the  result  of  set  two.  The  result  of  this  prediction  is  shown  in  Figure  69. 

WEAPON  ENVIRONMENT 

The  prompt  nuclear  radiation  from  a  nuclear  detonation  was  investigated  and  the  impli¬ 
cations  of  transient  radiation  effects  considered.  Since  any  quantitative  reference  to  this  work 
would  involve  the  discussion  of  Secret — Restricted  Data,  the  reader  is  referred  to  Part  II  of 
this  report  for  the  discussion  in  its  entirety. 
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CONCLUSIONS 


This  report  provides  new  information  in  defining  the  radiation  effects  on: 

1 .  Spark  breakdown 

2.  Dielectrics 
Semiconductor  diodes. 

It  also  presents  a  new  dosimejtry  and  instrumentation  technique  that  can  increase  the  data 
output  of  radiation  tests  many  iold. 

A  program  for  transient  radiation  testing  is  outlined  based  on  an  evaluation  of  system 
needs.  This  program  includes  discussion  of  circuits,  piece  part  testing,  and  analysis 
methods . 


All  known  information  on  the  transient  radiation  environment  of  a  nuclear  weapon  is 
presented  and  evaluated  in  terms  of  test  requirements. 


RECOMMENDATIONS 

Recommendations  for  the  individual  portions  of  the  work  are  discussed. at  the  end  of 
each  appendix,  A  detailed  technical  proposal  for  the  continuation  of  this  work  is  presented  in 
Boeing  Document  D2-7677,  "A  Program  for  the  Prediction  of  Transient  Radiation  Effects  in 
Electronics,"  (Secret — Restricted  Data). 
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APPENDIX  I 


THE  KtJKLA  PROMPT  CRITICAL  FACILITY 


by 


Harold  B.  Almond  and  Brian  W.  Mar 
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INTRODUCTION 


The  Kulda  prompt  critical  facility,  Lawrence  Radiation  Laboratory,  Livermore,  California 
is  designed  to  produce  self -limiting  neutron  fission  bursts  similar  to  those  of  Godiva  I  and  II. 
Construction  of  the  Kukla  facility,  in  which  Lawrence  Radiation  Laboratory  was  assisted  by  the 
Boeing  Airplane  Company  under  Air  Force  sponsorship,  began  in  December,  1959,  and  first 
criticality  was  achieved  in  May,  1960.  The  radiation  effects  tests  covered  in  this  report  were 
performed  at  Kukla  during  the  period  June  24-30,  1960.  This  was  the  first  radiation  effects 
testing  performed  at  the  facility  and  served  as  a  sliakedown  run  to  establish  operation  proced-  / 
ures,  instrumentation  techniques,  cabling  installation,  personnel  exposure  problems,  etc.  At 
the  time  of  the  test  the  facility  had  achieved  neither  maximum  burst  capability  nor  burst  reprd- / 
ducibility.  The  discussion  of  the  Kukla  facility  in  this  section  is  limited  to  general  operational  / 
information.  A  complete  discussion  of  the  present  burst  characteristics  is  covered  in  the 
section  on  Dosimetry. 

Two  other  facilities  were  required  for  operation  at  Kukla,  a  van-type  trailer  for  housing 
the  required  test  and  recording  tastrumentation,  and  a  house  trailer  to  serve  as  a  general  per¬ 
sonnel  area  for  data  reduction.  / 

i 

I 

i 
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KUKLA  PROMPT  CRITICAL  ASSEMBLY 


It  is  anticipated,  when  the  assembly  is  fully 
will  have  the  following  characteristics: 

Fission  yield  from  burst 
Excess  reactivity  producing  burst 
Prompt  alpha 

Burst  width  at  haK  maximum 
Fission  rate  (max) 

Leakage  neutron  rate  (max) 

Leakage  neutrons 
Estimated  dose  at  one  meter 


operational,  that  the  maximum  burst  generated 
16 

2  X  10  fissions 
8  cents  above  prompt  critical 
0.  09 /A  sec“^ 

60  ju  sec 

2  X  10^*^  fission/sec 
2.  8  X  10^*^  neutrons/sec 
2.  8  X  10^®  neutrons 
60  rem  gamma 


Present  operation  of  the  facility  is  limited  to  a  lower  yield  per  burst  until  instrumentation 
has  been  fully  checked  out. 


A  sketch  of  the  assembly  is  shown  in  Figure  1.  Figure  2  shows  the  actual  assembly  with 
Boeing  test  equipment  around  it.  The  triangular  plates  which  make  up  the  support  stand  are 
thirty  inches  on  a  side  with  the  exception  of  the  bottom  plate  which  is  thirty-six  inches  on  a 
side.  The  oralloy  sphere  is  approximately  3.  60  inches  in  radius  and  its  center  is  approxi¬ 
mately  sixty-eight  inches  above  the  floor.  A  heavy  wire  cage  surrounds  the  oralloy.  This 
prevents  placement  of  material  closer  than  one-half  inch  from  the  outer  surface  of  the  oralloy. 
The  wire  cage  is  cylindrical  with  a  radius  of  4. 2  inches  and  an  overall  height,  including  the 
conical  top,  of  about  twenty -four  inches. 


When  fully  assembled  in  a  prompt  critical  configuration,  Kukla  contains  approximately 
60  Kg  of  enriched  uranium  (oralloy).  A  sketch  of  the  disassembled  components  in  the  oralloy 
sphere  is  shown  in  Figure  3.  The  reactivity  contributions  of  the  control  elements  are: 

Safety  block  $25 

Control  rods  (two)  $1.  6  each 

Burst  rod  $2.0 


Pneumatic  drives  are  employed  for  safety  block  and  burst  rod  movement.  A  mechanical 
cam  provides  an  inch  per  minute  velocity  over  the  last  7/8  inches  of  movement  of  the  safety 
block  for  fine  control.  The  two  control  rods  are  driven  by  motor  worm  gear  units  at  0.024 
inches/second  and  0.012  inches/second.  A  scram  is  actuated  by  applying  150  PSI  air  to  the 
top  side  of  the  safety  block  and  burst  rod  air  cylinders. 
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r  BURST  ROD  RELIEF  PLUG 
0.6  kg 


TOP  SPHERICAL 
SECTION  14  kg 


Figure  3  -  Disassembled  Oralloy  Components. 
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BURST  GENERATION 
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Kukla  burst  generation  is  similar  to  that  of  Godiva  EE  with  a  fission  burst  generated  by 
the  rapid  assembly  of  a  super-critical  configuration  before  the  buildup  of  an  appreciable 
neutron  population.  This  achievement  of  a  super-critical  assembly  requires  a  three  step 
procedure: 

1.  The  oralloy  is  assembled  to  a  delayed  critical  configuration  with  the  burst  rod  set  at 
a  predetermined  position  so  that  the  reactivity  difference  between  this  position  andjts  fully 
inserted  position  is  the  amount  necessary  to  obtain  the  desired  super-critical  configuration, 

2.  The  control  rods  are  locked  in  position  and  the  safety  rod  and  burst  rod  are  with¬ 
drawn.  The  assembly  is  allowed  to  cool. 

3.  One  control  rod  may  be  withdrawn  slightly  to  compensate  for  cooling  of  the  assembly. 
The  safety  block,  and  then  the  burst  rod,  are  rapidly  inserted  to  achieve  a  super-critical 
configuration. 

A  neutron  source  in  center  of  sphere  provides  the  initial  neutrons  to  start  the  fission  chain. 

The  prompt  fission  burst  is  self-limited  by  thermal  expansion,  but  the  delayed  neutrons 
sustain  a  power  level  which  causes  a  temperature  rise  in  the  assembly  of  lOO'C/seconds. 

To  prevent  melting  of  the  oralloy,  the  system  is  scrammed  automatically  after  a  burst  by  a 
solenoid  valve  triggered  at  a  preset  power  level  of  the  reactor.  Due  to  mechanical  delays, 
this  occurs  approximately  105  milliseconds  after  burst  initiation. 
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KUKLA  FACILITY  BUILDING 


The  Kukla  assembly  is  housed  in  the  West  Vault  in  Building  110  at  the  Livermore  site  of 
the  Lawrence  Radiation  Laboratory.  A  floor  plan  of  this  area  and  the  location  of  the  Boeing 
trailer  laboratory  and  house  trailer  alongside  the  building  is  shown  in  Figure  4.  Access  to 
-Building  110  is  restricted  to  those  ’’Q"  cleared  (or  equivalent)  persons  who  have  a  need  to 
conduct  business  in  this  building. 

The  West  Vault  is  fifteen  feet  wide,  twenty  feet  long  and  twelve  feet  high.  The  five  feet 
thick  walls  and  two  and  one-half  feet  thick  ceiling  are  of  reinforced  concrete  construction. 

The  interior  of  the  walls  is  coated  with  a  30  mil  coat  of  plastic  vinyl  paint  to  provide  a  smooth 
finish  and  a  non-porous  seal.  The  floor  is  covered  with  linoleum  tile.  A  water  window  affords 
visual  access  from  the  control  room.  Personnel  access  to  the  vault  is  by  means  of  a  labyrinth 
and  sealed  doors.  An  air  conditioner  is  installed  on  the  vault  roof;  however,  during  calibra¬ 
tion  and  burst  operation,  dampers  in  the  vault  ceiling  are  closed  to  provide  complete  contain¬ 
ment  in  case  of  an  excursion. 

All  electrical  connections  and  electrical  power  in  the  West  Vault  are  carried  through  two 
junction  boxes  located  on  the  East  wall  of  the  vault.  One  of  the  junction  boxes  contains  cable 
connections  to  a  corresponding  junction  box  located  outdoors  on  the  North  side  of  the  building. 
Interconnecting  the  two  boxes  are  approximately  seventy  feet  of  each  of  the  following  cables: 


CABLE  QUANTITY 


RG-164/U 

One 

RG-8/U 

Five 

RG-ll/U 

Ten 

RG-22/U 

Ten 

Twisted  pair  No.  20,  audio  cable 

Fifteen 

Single  shielded  No.  20 

Fourteen 
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OPERATING  PROCEDURE  AND  PERSONNEL  EXPOSURE 


The  operating  cycle  of  Kukla  during  the  period  of  testing  varied  between  two  to  three  hours 
from  burst  to  burst.  It  is  anticipated  that  in  the  near  future  the  working  cycle  will  be  two 
hours  per  burst  over  a  sixteen  hour  working  period.  The  down  time  between  burst  termina¬ 
tion  and  the  commencement  of  calibration  for  the  next  burst  is  about  one  and  one-half  hours. 
This  is  the  time  required  for  the  temperature  of  the  oralloy  sphere  to  drop  to  within  a  few 
degrees  of  room  temperature. 

The  radiation  level  in  the  West  Vault  after  a  burst  drops  to  a  workable  level  before  the 
oralloy  temperature  drops  to  a  few  degrees  of  room  temperature.  Personnel  were  allowed  to 
enter  the  vault  when  the  temperature  of  the  oralloy  was  within  about  four  to  five  degrees  of  the 
necessary  recycle  temperature.  The  amount  of  time  required  to  make  necessary  equipment 
changes,  adjustments,  and  dosimeter  changes  was  about  fifteen  minutes.  At  the  end  of  this 
time  the  oralloy  temperature  was  about  low  enough  to  begin  the  next  burst  calibration.  Operat¬ 
ing  time  for  any  one  individual  in  the  vault  was  never  over  one  and  one-half  minutes,  with  the 
exception  of  the  first  entry  in  the  morning. 

The  general  radiation  levels  noted  for  entry  into  the  area  were: 

First  entry  in  the  morning  after  four  bursts  preceding  day 

22  mr/hr  y,  25  mr/hr y'  at  door  (11  feet) 

110  mr/hr  /,  L40  mr/hr/^  ,  /  at  one  meter 

Entry  about  one  and  a  half  hours  after  third  burst 

140  mr  at  door 

about  1.5  r  at  one  meter 

During  the  period  Monday,  June  27  through  Thursday  morning,  June  30,  covering  fifteen 
Kukla  bursts,  the  maximum  pocket  dosimeter  reading  achieved  by  any  of  the  personnel  in¬ 
volved  in  working  in  the  West  Vault  was  155  mr.  All  personnel  who  were  required  to  enter 
the  West  Vault  carried  one  each  of  the  following: 

Boeing  self- reading  pocket  dosimeter 
Livermore  self-reading  pocket  dosimeter 
Boeing  ,  finger  badge 
Boeing  ,  film  badge 

Livermore  ,  film  badge 
Livermore  neutron  badge 
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BOEING  TRAILER  LABORATORY 


A  twenty  by  seven  and  one-half  foot  Boeing  van-type  trailer  outfitted  as  a  mobile  labora¬ 
tory  was  used  during  the  test.  The  trailer  contains  general  bench  space,  storage  space, 
power  outlets,  and  a  cable  panel.  The  cable  panel  matches  the  cable  panel  on  the  outside  of 
the  110  Building  and,  for  the  purpose  of  the  test,  the  two  panels  are  connected  by  means  of 
forty  foot  extensions  attached  to  the  back  of  the  trailer  panel.  This  provides  a  direct  connec¬ 
tion  between  the  inside  of  the  trailer  and  the,  inside  of  the  West  Vault,  Figure  4  shows  the 
general  location  of  the  trailer  with  respect  to  the  West  Vault  and  Figure  5  shows  the  trailer 
as  it  was  located  beside  the  110  Building  with  connections  made  to  the  outside  panel.  All  the 
transient  data  was  recorded  during  the  bursts,  with  the  exception  of  the  thyratron  firing  tests, 
by  means  of  Tektronix  545  or  551  oscilloscopes  and  Polaroid  cameras  located  in  the  trailer. 
All  the  oscilloscopes  were  triggered  simultaneously  from  a  photomultiplier-discriminator 
-circuit.  Figure  6  shows  the  general  interior  arrangement  of  the  trailer  during  the  test. 
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Figure  6  -  Interior  Arrangement  of  Boeing  Trailer 


HOUSE  TRAILER 


A  forty  foot  house  trailer  was  rented  in  Tracy,  California  for  the  period  of  the  test  and 
was  parked  alongside  the  Boeing  trailer.  Figure  5. 

This  trailer  provided  housing  for  the  Boeing  personnel  during  the  period  between  bursts. 
This  was  necessary  for  three  reasons: 

1.  Boeing  personnel  were  not  permitted  inside  the  110  Building  except  during  test 
set-up  period. 

2.  The  trailer  laboratoiy  was  too  small  to  handle  aU  the  equipment  and  the  personnel. 

3.  Space  was  required  for  data  analysis  between  test  runs. 


WADD  TN  61-8,  Pt  I 


24 


APPENDIX  n 


KUKLA  DOSIMETRY 


by 


Richard  L.  Lander,  Robin  K.  Durkee,  Donald  W.  Blincow 
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INTRODUCTION 


Dosimetry  is  of  prime  importance  in  any  radiation  effects  test.  Parameters  needed  in  de¬ 
fining  and  analyzing  the  results  of  radiation  tests  are: 

1.  Intensity  of  the  radiation  as  a  function  of  time. 

2.  Energy  spectrum  of  the  radiation. 

3.  Total  radiation  dose. 

4.  Particle  composition  of  the  radiation. 

Pulsed  critical  assemblies  such  as  Godiva  I,  II,  and  in  have  been  used  for  several  years 
in  both  permanent  and  transient  radiation  testing.  The  definition  of  the  environment  has  been 
historically  determined  by  the  following  method,  (Ref.  1) 

1.  The  neutron  energy'  spectrum  and  total  neutron  dose  have  been  defined  by  fission 
foil,  gold  and  sulfur  threshold  detectors;  and  monitored  by  sulfur  threshold  detectors. 

2.  The  gamma  energy  spectrum  has  been  assumed  to  be  composed  of  a  fission  spectrum 
plus  gamma  rays  from  inelastic  scattering  of  neutrons  in  uranium.  The  total  dose  is  estab¬ 
lished  by  a  gamma  integrating  dosimeter  such  as  a  Sigoloff  or  glass  type. 

3.  The  particle  composition  is  defined  by  the  fission  process  and  inelastic  scattering  of 
neutrons . 

4.  The  radiation  pulse  shape  can  be  defined  by  several  radiation  sensitive  devices  such 
as  photodiodes,  semiconductor  diodes,  or  SEMIRADS. 

The  Kukla  pulsed  critical  assembly  (see  Appendix  I)  was  placed  in  operation  in  May,  1960 
and  used  for  radiation  testing  in  June,  1960.  The  dosimetry  described  in  this  appendix  repre¬ 
sents  the  first  attempt  to  define  the  Kukla  environment  for  radiation  effects  testing. 

Lawrence  Radiation  Laboratory  personnel  used  nuclear  weapon  diagnostic  equipment  to 
establish  the  reactor  characteristics  for  all  excursions.  This  information  was  made  available 
for  evaluation  of  the  radiation  effects  tests.  This, is  the  first  time  these  techniques  have  been 
used  in  definition  of  the  environment  for  radiation  effects  testing.  This  diagnostic  information 
allowed  an  exceptional  amount  of  new  experimental  information  to  be  obtained  from  the  indi¬ 
vidual  materials  and  parts  tests . 

The  analysis  of  the  proposed  transient  radiation  effects  tests  required  a  knowledge  of 
both  the  amplitude  and  time  history  of  the  radiation  environment.  This  was  particularly  true 
with  the  type  of  instrumentation  used  in  the  analysis  of  thyratron  and  spark  gap  breakdown 
described  in  Appendix  IV.  Radiation  intensities  were  required  over  at  least  three  decades  dur 
ing  the  pulse.  Reactor  theory  also  allows  several  experimental  checks  on  the  reactor  opera¬ 
tion,  if  this  is  known. 
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Information  on  the  total  gamma  ray  dose  was  required  for  monitoring  permanent  damage 
and  the  computation  of  the  radial  dependence  of  the  gamma  intensity.  This  was  used  to  deter¬ 
mine  self -shielding  distortions  in  the  field  which  might  cause  deviation  from  the  inverse 
square  fall-off  of  the  radiation  intensity.  Neutron  total  dose  can  be  used  to  determine  the  total 
number  of  fissions  and  for  correlations  with  the  temperature  rise  of  the  reactor  fuel. 

Since  these  tests  were  the  first  operation  of  the  reactor  as  a  radiation  test  facility,  it  was 
desirable  to  obtain  information  on  the  spectrum  and  possible  asymmetries  due  to  scattering. 

To  obtain  this  information  a  variety  of  dosimeters  were  used.  The  Lawrence  Radiation 
Laboratory  supplied: 

1.  Photodiode  diagnostic  information. 

2.  Three  sets  of  fission  foil  threshold  detectors. 

Boeing  supplied: 

1.  Gold  and  sqjfur  threshold  detectors. 

2.  Sigoloff  dosimeters, 

3.  SEMIRADS. 
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PURPOSE 


The  purpose  of  the  dosimetry  tests  was  to  determine  the  necessary  information  about 
the  Kukla  nuclear  radiation  environment  to  allow  the  radiation  effects  information  to  be  ana¬ 
lyzed.  This  includes  information  on  the  time  history,  intensity,  angular  and  radial  distribu¬ 
tion,  and  total  dose.  It  was  also  necessary  to  obtain  this  information  in  sufficient  quantity  and 
under  those  conditions  which  would  allow  an  analysis  of  the  operation  of  the  reactor. 
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DOSIMETRY  TECHNIQUES 


PHOTODIODE  DOSIMETRY  TECHNIQUES 

To  obtain  the  time  dependence  of  the  fission  rate  during  a  Kukla  burst,  the  Lawrence 
Radiation  Laboratory  personnel  constructed  and  operated  several  monitor  coimters.  A  large 
plastic  scintillator  was  viewed  by  two  special  photodiodes.  Two  additional  scintillators  mounted 
on  photomultiplier  tubes  were  used.  The  outputs  of  all  these  devices  were  fed  to  oscilloscopes 
where  the  traces  were  photographed  on  Polaroid  Land  film.  The  outputs  of  photodiode  number 
one  and  photodiode  number  two  (hereafter  PD-1  and  PD-2)  were  recorded  for  2000  microsec¬ 
onds  after  the  trigger  time.  On  nine  of  the  sixteen  bursts  the  first  fifty  microseconds  of  the 
PD-2  trace  was  recorded  with  an  additional  amplification  of  twenty  or  forty  in  order  to  read 
the  low  fission  rates  occuring  early  in  the  burst.  The  outputs  of  photomultiplier  number  three 
(PM-3)  and  photomultiplier  number  four  (PM-4)  were  recorded  only  during  the  first  fifty  mi¬ 
croseconds  after  trigger  time.  Table  1  summarizes  the  monitor  coverage.  The  output  of  one 
photomultiplier  was  set  to  trigger  the  scopes  displa3dng  the  full  traces  of  PD-1  and  PD-2  when 
the  fission  rate  reached  some  specified  value  fissions/second).  The  same  trigger  was 

used  for  the  experimenters’  oscilloscopes,  so  that  times  could  be  correlated.  The  scopes  dis¬ 
playing  the  early  portions  of  the  burst  were  internally  triggered,  and  time  correlations  were 
not  available.  The  calibration  factor  (Ref.  2)  for  these  monitors  was  measured  for  a  Co®® 
and  converted  to  the  estimated  average  energy  of  the  leakage  gamma  rays .  The  monitors  were 
also  calibrated  for  neutrons  and  a  conversion  to  the  average  leakage  neutron  energy  made. 

Photographic  reproductions  of  the  Polaroid  pictures  at  a  magnification  of  about  1.6  were 
provided  by  the  Lawrence  Radiation  Laboratory.  A  typical  photodiode  curve  is  shown  in  Fig¬ 
ure  7.  Knowing  the  calibration  constant,  one  can  read  directly  to  obtain  fission  rate  versus 
time.  For  early  times  during  the  pulse,  the  deflection  of  the  trace  is  too  small  to  be  read.  Fis¬ 
sion  rates  for  these  times  can  be  obtained  by  extrapolating  the  curve  on  the  assumption  that  it 
is  a  single  exponential.  This  procedure  is  necessary,  since  finite  amplitude  scope  traces  over 
several  decades  of  the  burst  were  not  available. 

To  obtain  the  period,  l/cx  ,  of  the  exponential  rise,  a  piece  of  transparent  graph  paper  was 
aligned  over  each  photograph  and  the  center  of  the  trace  marked  out.  Each  trace  was  about  2.5 
mm  wide  on  the  enlarged  photographs  and  its  center  could  be  located  within  ±.  l/2  mm.  The  ver¬ 
tical  deflection  and  horizontal  sweep  of  the  trace  were  then  read  from  the  graph  paper  grid  lines 
at  several  points.  These  values  were  plotted  on  semilog  paper  and  a  visual-best-fit  straight 
line  drawn,  whose  slope  gave  the  value  of  iM  .  The  ±1/2  mm  error  quoted  above  is  probably 
excessive,  since  the  points  consistently  fell  much  closer  to  the  straight  lines  than  t.  1/2  mm 
(See  Figure  8).  A  repeat  of  the  procedux’e  indicated  an  overall  error  of  about  ±  5  percent  in  l/ot 
from  this  graphical  analysis. 

The  integrated  number  of  fissions  up  to  the  peak  of  the  pulse  was  obtained  by  integrating 
the  area  under  the  photodiode  fission  rate  curve.  The  integration  was  performed  by  counting 
squares  on  the  graph  paper,  and  was  reproducible  to  better  than  two  percent.  The  total  number 
of  fissions  in  the  whole  burst  could  not  be  obtained  in  this  way,  since  the  tail  of  the  burst,  ex- 
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TABLE  1 


Time  Interval  Recorded  by  Each  Photodiode  or 
Photomultiplier  Monitor 


Burst  No. 

Time  Interval 

0  -  50/ts 

0  -  2000  /4S 

1 

— 

— 

2 

— 

PD-1  PD-2 

3 

— 

PD-2 

4 

— 

PD-1  PD-2 

5 

— 

PD-1  PD-2 

6 

— 

PD-1  PD-2 

7 

PM-4 

PD-1  PD-2 

8 

PD -2  PM -4 

PD-1  PD-2 

9 

PD -2  PM-4 

PD-1  PD-2 

10 

PD -2  PM -3 

PD-1  PD-2 

11 

PD -2  PM-4 

PD-1  PD-2 

12 

PD -2  PM-3 

PD-1  PD-2 

13 

PD -2  PM-4 

PD-1  PD-2 

14 

PD -2  PM-4 

PD-1  PD-2 

15 

PD -2  PM-4 

PD-1  PD-2 

16 

PD-2  PM-3  PM-4 

I 

PD-1  PD-2 
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Figure  7  -  Response  of  Photodiode  No.  1  During  Kukla  Burst  No.l 
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FISSIONS/(sec) 


tending  off  the  photograph  for  many  milliseconds,  could  contain  an  appreciable  fraction  of  the 
total  number  of  fissions, 

THRESHOLD  DETECTOR  TECHNIQUES 

To  determine  the  approximate  shape  of  the  neutron  spectrum  emitted  from  the  Kukla  fa¬ 
cility,  a  system  of  threshold  detectors  (Ref.  1)  was  used.  In  order  to  cover  the  full  fission 
spectrum,  a  total  of  five  detectors  is  necessary.  The  detectors  with  their  respective  threshold 
energies  are: 

Gold  -  Cadmium  covered  gold 
Plutonium  (Pu  239) 

Neptunium  (Np  237) 

Uranium  (U  238) 

Sulfur  (S  32) 

Gold  Minus  Cadmium  Covered  Gold 

This  detector  uses  two  separate  foils.  The  bare  gold  foil  is  receptive  to  all  neutrons  both 
in  the  thermal  and  epithermal  range.  Cadmium,  which  has  a  very  high  absorption  for  only  ther¬ 
mal  neutrons  (<0.5  ev),  is  used  to  cover  a  similar  gold  foil.  The  difference  in  activation  be¬ 
tween  these  two  foils  corresponds  to  the  number  of  thermal  neutrons  present. 

Plutonium  (Pu  239) 

This  detector  has  a  high  fission  cross  section  for  neutrons  of  all  energies,  particularly  in 
the  thermal  region.  Shielding  this  foil  by  2  cm  of  Boron  10  gives  an  effective  threshold  of  4  Kev. 
Since  the  fission  spectrum  peaks  at  1-2  Mev,  this  detector  will  respond  to  practically  all  fis¬ 
sion  neutrons.  _ 

Neptunium  (Np  237) 

This  detector  has  a  natural  fission  threshold  at  0.75  Mev.  It  is  placed  in  the  boron  10  shield 
with  the  Pu  239  for  convenience  and  also  to  prevent  thermal  neutron  activation  of  any  Np  238 
impurities. 

Uranium  (U-238) 

This  detector  has  a  natural  fission  threshold  at  1.5  Mev.  It  is  placed  in  the  boron  10  shield 
with  the  Pu  239  for  convenience  and  also  to  prevent  thermal  neutron  activation  of  any  U-235 
impurities . 

Sulfur  (S^^In.p)  P^^) 

This  detector  has  a  natural  (n,  p)  reaction  threshold  at  2.5  Mev.  It  can  be  placed  in  or  out 
of  the  B-10.  shield  since  the  thermal  cross  section  is  extremely  small. 


<  0.5  ev 
>  4  Kev 
>0.75  Mev 
>1.5  Mev 
>2.5  Mev 
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Evaluation  of  these  foils  is  accomplished  in  the  following  manner:  the  activated  gold  has  a 
half  life  of  2.70  days,  emitting  a  0.96  Mev  beta  and  a  0,411  Mev  gamma.  These  can  be  detected 
by  conventional  means  . 

The  fission  foils  {Pu  239,  Np  237,  and  U  238)  have  a  residual  gamma  activity  from  the  fis¬ 
sion  products  formed  by  the  neutron  fission  (h,  f)  reaction.  This  is  filtered  by  a  lead  absorber 
and  counted  by  a  scintillator  detector. 

32  32 

The  phosphorous  formed  in  the  S  (np)  P  reaction  has  a  half  life  of  14,22  days  and  emits 
a  1.71  Mev  beta.  This  beta  can  also  be  detected  by  conventional  means, 

SULFUR  DOSIMETRY  TECHNIQUES 

Sulfur  pellets,  requiring  no ’shielding  and  being  inexpensive  and  easily  made,  constitute  a 
good  general  dosimetry  tool.  Provided  that  the  neutron  spectrum  remains  constant,  a  ratio  of 
plutonium  to  sulfur  neutrons  can  be  made  and  all  subsequent  sulfur  measurements  converted 
to  plutonium  as  a  measure  of  total  neutron  flux. 

■  The  sulfur  pellets  were  pressed  in  the  form  of  cylinders  one-fourth  inch  high  by  one-half 
inch  in  diameter.  Since  the  flux  is  inversely  proportional  to  the  square  of  the  distance,  a  pellet 
with  its  flat  surfaces  normal  to  the  flux  at  five  inches  from  the  center  of  the  reactor  has  a  flux 
difference  of  approximately  nine  percent  between  its  front  and  back  surfaces.  The  exact  posi¬ 
tion  at  which  the  measured  flux  applies  depends  on  the  depth  in  sulfur  over  which  the  induced 
radioactivity  is  counted.  Since  the  pellet  thickness. is  only  slightly  larger  than  the  maximum 
range  of  the  emitted  betas,  the  effective  volume  of  the  pellet  should  extend  through  most  of  the 
depth  of  the  pellet;  however,  a  test  count  with  reversed  pellet  orientation  verified  the  nine  per¬ 
cent  effect  above.  The  effective  distance  at  which  the  measured  flux  applies  is  then  close  to  the 
high  flux  surface  of  the  pellet.  This  surface  of  the  pellet  was  chosen  as  the  reference  position. 

Several  pellets  were  placed  in  the  vicinity  of  each  device  being  tested.  Additional  pellets 
were  placed  on  the  guard  screen  surrounding  the  sphere  and  three  and  one-half  inches  back 
from  it  during  each  of  bursts  nine  through  sixteen.  A  radial  wire  carrying  three  pellets  at 
each  of  ten  distances  from  the  screen  out  to  two  feet  was  exposed  during  burst  number  one  to 
test  the  applicability  of  the  inverse  square  law.  Eight  positions  at  fifteen  degree  intervals 
along  a  concentric  arc  of  nine-inch  radius  were  also  monitored  with  sulfur  pellets  on  one  burst 
to  test  for  azimuthal  variation. 

The  pellets  were  returned  to  Boeing  and  counted  on  an  automatic  counting  wheel  consist¬ 
ing  of  a  1/2  inch  thick  dural  plate  containing  1/2  inch  diameter  by  1/4  inch  deep  holes  into 
which  the  pellets  were  placed,  high  flux  side  up.  The  wheel  transferred  each  pellet  in  turn  to 
a  position  centered  3/16  inches  below  a  one  inch  diameter  by  1/4  inch  thick  plastic  scintillator 
optically  coupled  to  the  face  of  a  Dumont  6292  photomultiplier  tube.  Calibration  was  effected 
by  means  of  1  1/2  inch  diameter  by  3/8  inch  thick  sulfur  pellets  which  had  been  exposed  to  a 
known  neutron  flux  (Ref  3).  These  pellets  were  powdered  and  new  pellets  pressed  conforming 
to  the  size  used  in  this  report.  An  additional  calibration  was  effected  by  preparing  sample  pel- 
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lets  doped  with  a  known  activity  of  phosphorus -32.  Agreement  between  these  two  methods  was 
better  than  six  percent  and  the  value  used  was  the  average.  Continuous  calibration  monitoring 
was  then  effected  by  normalizing  the  count  rate  from  a  long  lived  thallium  204  source  to  the 
calibration  sulfur  pellet  count  rate. 

4 

A  total  of  10  counts  was  obtained  for  each  pellet  normallj^,  so  counting  statistical  errors 
are  small  compared  to  other  errors.  The  activities- of  the  pellets  from  the  radial  wire  test  were 
followed  for  four  weeks  to  verify  the  14.22  day  half-life  and  insure  no  large  contamination.  This 
value  was  then  used  to  extrapolate  count  rates  back  to  burst  time. 

SIGOLOFF  DOSIMETRY  TECHNIQUES 

The  gamma  rays  emerging  from  the  Kukla  reactor  are  derived  from  two  primary  sources 
within  the  U  235  sphere:  (1)  fissions  and  (2)  inelastic  neutron  collisions  with  uranium  nuclei. 

The  energy  spectrum  of  gamma  rays  from  uranium  fissions  will  be  modified  by  absorption 
and  scattering  of  the  gamma  rays  before  they  leave  the  sphere.  The  energy  spectrum  of  the 
gamma  raj^s  produced  by  inelastic  neutron  collisions  depends  on  the  energy  spectrum  of  the 
neutrons  within  the  sphere  and  will  be  modified  by  absorption  and  scattering  of  the  gamma  rays 
as  they  traverse  the  sphere.  The  resultant  gamma  ray  spectrum  outside  Kukla  (or  similar 
devices)  has  not  been  measured.  Considerable  work  on  fission  foil  gamma  spectra  has  been 
done  (Ref.  4).  Calculations  of  the  energy  spectrum  of  the  escaping  gammas  are  difficult;  how¬ 
ever,  estimates  of  the  integrated  gamma  ray  energy  leaving  the  sphere  have  been  made  (Ref,  2), 
and  indicate  about  0,8  Mev/fission. 

Chemical  dosimeters  having  a  flat  response  curve  for  gamma  raj's  of  energy  from  G.l  to 
10  Mev  (Ref,  5)  and  linear  response  to  dose  from  2  to  10*^  roentgens  were  obtained  from  Edger- 
ton,  Germeshausen,  and  Grier,  Inc.  (E,G.&G). 

These  dosimeters  consisted  of  three  glass  vials  each  about  5  mm  in  diameter  and  3  cm  long 
enclosed  in  a~l  mm  lead  shield,  so  that  the  outside  dimensions  were  about  1  cm  in  diameter 
by  5  cm  in  length.  Each  vial  contained  chemicals  responsive  to  a  different  dose  raiige  in  order 
that  a  wide  range  could  be  obtained.  This  procedure  meant  that  only  one  measurement  per  dosi¬ 
meter  was  obtained.  These  dosimeters, were. placed  alongside  the  sulfur  pellets  with  their  axes 
vertical  and  centered  on  a  horizontal  plane  thi-ough  the  center  of  the  critical  assembly  sphere. 
Their  positions  were  measured  with  respect  to  the  center  of  the  cylinder.  Since  the  locations  of 
the  internal  vials  were  not  known  when  the  dosimeters  were  positioned,  and  since  only  one  of 
the  three  vials  yielded  the  measurement,  there  exists  a  random  position  uncertainty  of~±3  mm. 

The  dosimeters  were  returned  to  E.G.  and  G.  after  exposure  for  analysis.  Their  quoted 
accuracy  is  ±10  percent  for  doses  under  1000  rad  and  ±15  percent  for  those  dosimeters  which 
received  more  than  the  1000  rad  limit  on  their  intended  dose  range. 

SEMIRAD  DOSIMETRY  TECHNIQUES 

Preliminary  studies  of  the  response  of  SEMIRAD  (secondary-electron  mixed-radiation  dosi¬ 
meter)  to  high-intensity,  fast  pulse  radiation  fields  have  been  reported  (Refs.  6,7,8).  The  device 
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is  essentially  a  pair  of  electrodes  enclosed  in  an  evacuated  envelope,  i.e.,  a  vacuum  diode. 

When  placed  in  an  intense  gamma  field,  the  Compton  electrons,  photoelectrons,  and  possibly 
pair  production  electrons  originating  in  the  walls  and  electrodes  of  the  device  cause  ionization 
during  their  passage  through  the  electrodes.  These  secondary  electrons  have  energies  of  a 
few  electron  volts  in  contrast  to  the  kilovolt  energy  range  of  the  primaries. 

The  secondaries  formed  near  the  surface  of  the  electrodes  are  easily  swept  up  by  a  collect¬ 
ing  voltage  applied  between  them.  The  SEMIRAD  device  thus  acts  as  a  current  generator,  with 
current  proportional  to  the  radiation  rate,  and  a  voltage  pulse  will  be  developed  across  a  load 
resistor  connected  in  series  with  the  electrodes  and  collecting  battery. 

-4 

Experiments  indicate  that  if  the  pressure  in  the  SEMIRAD  is  maintained  at  less  than  10 
mm  Hg,  the  current  generated  in  a  gamma  field  is  of  the  order  of  amperes /rad/sec  for 

each  square  cm  of  surface  of  the  positive  electrode.  Thus  in  a  radiation  field  of  10®  rad/sec  a 
peak  current  of  one  //amp/sq.  cm  is  expected. 

While  acceptable  devices  can  be  built  in  the  laboratory  if  good  vacuum  equipment  is  avail¬ 
able,  uniformity  of  construction  is  difficult  to  maintain.  Therefore  several  conventional  vacuum 
diode  tubes  were  tried  out  as  SEMIRAD  devices.  The  tubes  selected  for  trial  were: 

6x4 

Vacuum  Diodes  2  x  2A 

5675  (Triode  withr  grid  tied  to  center  electrode) 

Vacuum  Photo  919 
Diodes 

Vacuum  VC50-5 

Capacitors 

These  tubes  were  tested  under  moderate  intensity,  constant  flux  radiation  environments 

fin 

(a  150  Kev  X-ray  machine  and  a  300  curie  Cobalt”^  source)  to  find  optimum  operating  voltages 
and  to  test  dose-rate  dependency.  Figure  9  gives  the  SEMIRAD  current,  as  read  on  a  Kiethley 
electrometer,  versus  applied  voltage. 

These  curves  are  useful,  not  only  for  selecting  an  operating  voltage  for  the  SEMIRAD,  but 
also  for  estimating  the  amount  of  ionization  current;  as  secondary  electron  current  is  propor¬ 
tional  to  the  area  of  the  emitter  electrode,  while  the  ionization  current  is  not. 

Figure  10  is  a  plot  of  SEMIRAD  current  as  a  function  of  radiation  intensity  for  several 
tubes.  Due  to  the  very  limited  range  of  radiation  intensities  used  here,  these  curves  give  only 
an  indication  of  the  dose  rate  independency  desired  in  higher  intensity  fields.  However,  several 
experimental  tubes  that  were  known  to  have  pressures  of  10“^  mm  Hg  or  more  were  found  to  be 
non-linear  even  in  this  range. 
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SEMIRAD  CUKRENT  (amps) 


Figure  9  -  Voltage  Plateau  of  Devices  Tested  as  Semirads. 
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Figure  10  -  Linearity  of  Devices  Tested  as  Semlrads. 
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The  6x4  vacuum  diode  was  selected  for  experimental  use  at  Kukla,  due  to  its  excellent 
voltage  plateau  and  linear  response.  The  plate  and  cathode  were  connected  to  the  twin  conduc¬ 
tors  of  20  feet  of  RG/22  coaxial  cable  and  the  connection  potted  with  epoxy  resin.  The  other 
end  of  the  cable  was  connected  to  a  10  K  load  resistor  and  a  180  volt  battery. 

The  signal  developed  across  the  lOK  resistor  was  amplified  and  matched  to  cable  imped¬ 
ance  with  >10®cps,  two-stage  amplifier  and  fed  to  an  oscilloscope  through  another  125  feet  of 
RG/22  terminated  in  a  100  ohm  resistor. 


DOSIMETRY  RESULTS 


PHOTODIODE  DOSIMETRY  RESULTS 


The  l/dL  values  for  all  photodiodes  and  photomultipliers  were  measured  and  the  results  are 
tabulated  in'Table  2.  The  agreement  in  l/d  values  for  PD-1  and  PD-2  is  good.  The  values  from 
the  50/us  traces  (PD-2j  PM-3,  PM-4)  erable  scatter.  The  fission  rate  at  any  time,  t,  during  the 
early  part  of  the  burst  was  obtained  from  the  relation: 

F(t)  =  F(t')e'^^*'^^^ 


where  F(t^)  is  the  fission  rate  read  from  the  scope  trace  at  time  t^.  The  error  associated  with 
this  calculated  fission  rate  is  given  by: 


AF(t) 


F(t) 


r  afr')" 

2 

(t-t'] 

A(l/dL)" 

L  - 

_  a/d) 

(1/dL)  _ 

where'ii;^(t^)  =  ±  .03  x  10^^  fissions/  sec  from  scaling  the  photographs  only  and  -^^7  percent. 
F(t^)  is  subject  to  possible  systematic  errors,  such  as  calibration  uncertainties,  while  the  meas¬ 
urement  of  dL depends  only  on  linerity  of  response,  not  absolute  calibration.  Burst  parameters 
are  shown  in  Table  3. 

The  rate  Fltg)  at  the  beginning  of  the  sweep  has  been  calculated  for  each  burst  from  PD-1 
and  PD-2  traces  and  is  shown  in  Table  4.  The  values  obtained  for  F(to)  are  of  the  order  of  10^^ 

-  10^®  fissions /second. 

The  rates  F(to)  can  be  obtained  from  the  calibrated  PM-3  and  PM-4  traces  and  the  am¬ 
plified  early  portion  of  PD-2  by  direct  reading.  They  are  of  the  order  of  10^^  fissions  per  sec¬ 
ond  for  PM-3,  10^^  for  PM -4  and  lOl"^  -  10“^®  for  PD-2.  The  values  from  PM-3  and  PM-4  are 
in  rough  agreement  with  the  extrapolated  values  from  PD-1  and  PD-2  full  traces  so  these  trig¬ 
ger  times  were  about  the  same. 
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TABLE  2 


Values  of  l/dl  Obtained  from  Semilog  Plots  of  Monitor  Readings 


Bur  st  No, 

PD-1^ 

a 

PD-2 

PD-2'> 

PM-3^ 

■L 

PM-4 

1 

2 

68 

64 

— 

— 

— 

3 

— 

39 

— 

— 

— 

4 

39 

39 

— 

— 

— 

5 

36 

38 

_ 

— 

— 

6 

99 

105 

_ 

— 

— 

7 

76 

•  75 

— 

— 

69 

8 

63 

60 

( 

)  j 

— 

38 

9 

75 

82 

34 

1 

56 

10 

79 

!  75 

63 

89 

— 

11 

116 

123 

92 

— 

48 

12 

79 

93 

60 

49 

— 

13 

120 

121 

80 

1 

86 

14  , 

100 

112 

79 

97 

15 

75 

71 

65 

— 

'78 

16 

105 

100 

( 

) 

(  ) 

(  ) 

a.  Last  two  decades  of  exponential  part  of  burst, 

b.  Fifty  microsecond  interval  after  trigger  time. 


WADD  TN  61-8,  Pt  I 


45 


TABLE  3 


Photodiode  Data 
PD-1 


Burst 

At- 

^m 

j'(tm) 

t' 

F(t') 

No. 

(^sec) 

^sec) 

(fissions/sec) 

^sec) 

(fissions/sec) 

1 

2 

q 

126  ±  10 

336  ±  10 

764  ±  10 

(2.70  ±  .03)x10^9 

536 

(.45  ±  .  03)xl0^^ 

o 

4 

58 

148 

422 

5.51 

294 

.90 

5 

54 

126 

376 

6.35 

282 

1.80 

6 

176 

410 

1078 

1.71 

808 

.45 

7 

140 

312 

872 

2.67 

692 

.90 

8 

92 

206 

532 

4.23 

380 

.90 

9 

126 

294 

760 

2.49 

600 

.90 

10 

140 

328 

678 

2.23 

452 

.45 

11 

228 

,515 

980 

1.29 

684 

.45 

12 

122 

276 

722 

2.70 

560 

.90 

13 

212 

495 

938 

1.25 

670 

.45 

14 

190 

435 

976 

1.63 

716 

.45 

.  15 

138 

304 

782 

2.47 

554 

.45 

16 

240 

578 

1422' 

1.27 

1088 

.32 

/i  t  Time  from  1/2  maximum  to  peak 

^t_|_  Time  from  peak  to  1/2  maximum  on  trailing  edge  of  pulse 
tm  Time  to  peak 
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TABLE  3  (cont'd) 


Photodiode  Data 
PD-2 


Burst 

No. 

At_ 

(yusec) 

^sec) 

V 

(/<sec) 

F(tm) 

(fissions/sec) 

t' 

(ytisec) 

r(t') 

(fissions/sec) 

1 

- 

- 

- 

- 

- 

- 

2 

123  ±  10 

228  ±  10 

(*) 

(1.76  ±  .03)xl0^® 

571 

(.48  ±  .03)10^® 

3 

84 

136 

374  ±  10 

3.02 

268 

.96 

4 

66 

101  ■ 

409 

4.28 

300 

.96 

5 

166 

79 

368 

5. 10 

254 

.96 

6 

182 

284 

1066 

1.02 

860 

.48 

7 

125 

194 

853 

1.  72 

674 

.48 

8 

86 

126 

(*) 

2.98 

258 

.48 

9 

118 

198 

738 

1.65 

560 

.48 

10 

134 

214 

656 

1.  39 

480 

.48 

11 

190 

306 

934 

0.61 

720 

.29 

12 

140 

214 

738 

1.37  ■  ■ 

564 

.48 

13 

194  ■ 

300 

890 

0.66 

646 

.24 

14 

174 

296 

926 

1.00 

708 

.384 

15 

122 

204 

754 

1.60 

556 

.384 

16 

200 

340 

1387 

0.66 

1086 

.165 

*  Start  of  trace  was  outside  field  of  view  of  scope  camera 
At_  Time  from  1/2  maximum  to  pealt 

At^.  Time  from  peak  to  1/2  maximum  on  trailing  edge  of  pulse 
tj2^  Time  to  peak 
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TABLE  4 


Fission  Rate  at  Start  of  Trace 


Burst  No. 

PD-1 

PD-2 

1 

— 

__ 

2 

1.6x10^^ 

. 65  X 10^^ 

3 

— 

9.9 

4 

4.7 

4.4 

5 

7.  2: 

12.0 

6 

1,3 

1,3 

7 

1,0 

0.5 

8 

21.7 

8.6 

9 

3.0 

5.1 

10 

14,6 

8.0 

11 

12.4 

8.3 

12 

7.5 

11.0 

13 

16.9 

12.0 

14 

3.5 

7.1 

15 

2.8 

1.5 

16 

0.1 

0.03 
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PD-1  and  PD-2  were  not  linear  with  respect  to  one  another.  A  plot  of  PD-1  versus  PD-2 
showed  gentle  negative  curvature  from  the  rising  portion  of  the  burst  and  even  greater  curva¬ 
ture  from  the  falling  portion.  A  similar  plot  of  PD-1  and  PD-2  with  respect  to  the  pulse  shape 
obtained  from  one  of  the  experimental  setups  showed  linearity  for  PD-2  on  the  rising  portion 
only,  and  non-linearity  for  PD-1  over  the  whole  burst  (See  Figures  11  and  12).  PD-2  has  been 
taken  to  be  correct,  and  the  experiments  reported  here  have  been  analyzed  in  terms'  of  PD-2 
rates.  The  reason  for  these  non-linearities  is  not  yet  known. 

SULFUR  DOSIMETRY  RESULTS 

Table  5  shows  the  integrated  sulfur  neutron  and  gamma  ray  fluxes  for  each  burst.  2!hT  is 
the  temperature  rise  of  the  reactor  sphere,  Z  is  the  distance  from  the  center  of  the  sphere  to 
the  dosimeter,  is  the  number  of  neutrons/cm^  of  energy 3^2.5  Mev  and  must  be  multiplied 
by  5.4  to  obtain  the  total  neutron  flux  of  all  energies,  and  ^^is  the  total  gamma  ray  dose  in 
rads. 

The  neutron  fluxes  obtained  from  the  radially  positioned  sulfur  pellets.  Table  6,  have  been 
multiplied  by  the  squares  of  their  respective  distances  and  plotted  in  Figure  13.  The  data  are 
consistent  with  a  straight  line  of  slope  =  -0.4  percent  per  inch.  Thus  the  inverse  square  law 
seems  to  hold  from  4.2  inches  out  to  27  inches,  with  an  apparent  additional  attenuation  of  0.4 
percent  per  inch. 

The  sulfur  neutron  doses  obtained  from  the  azimuthally  arranged  pellets  are  also  shown 
in  Table  6  and  are  plotted  in  Figure  14.  The  data  show  that  neutron  flux  is  independent  of 
azimuth  to  within  about  ±3  percent, 

THRESHOLD  DETECTOR  MEASUREMENTS  RESULTS 

An  array  of  three  threshold  detector  systems  was  placed  about  Kukla.  These  were  fur¬ 
nished  and  evaluated  by  Livermore  Radiation  Laboratory  personnel.  On  this  preliminary  meas¬ 
urement  a  plutonium  to  sulfur  ratio  of  about  seven  or  eight  was  obtained.  This  value  appears 
high  in  comparison  with  the  Godiva  11  spectrum  (Ref.  9).  Due  to  the  preliminary  nature  of  these 
measurements,  the  Livermore  Radiation  Laboratory  personnel  ad-vised  that  further  calibration 
checks  be  made  before  using  this  data. 

For  the  purpose  of  this  report,  Godiva  II  data  were  used  to  establish  a  plutonium  to  sulfur 
neutron  ratio  (Ref.  9  and  10).  The  results  of  past  measurements  are  presented  in  Figure  15, 

A  value  of  5.4  has  been  chosen  for  a  typical  ratio  at  close  range  (less  than  10  cm  from  the  edge 
of  the  assembly).  It  is  believed  that,  due  to  the  similarity  of  the  design,  there  should  be  little 
variation  between  the  spectrum  of  Godiva  EL  and  Kukla. 

Bare  gold  foils  and  cadmium -covered  gold  foils  were  placed  at  several  distances  from  the 
center  of  the  reactor  to  measure  the  thermal  neutron  flux  in  the  room.  The  results  are  shown 
in  Figure  16,  The  fact  that  the  thermal  neutron  flux  does  not  decrease  with  distance  from  the 
reactor  implies  that  much  of  the  flux  results  from  scattering  by  the  concrete  walls  of  the  room. 
Higher  energy  neutrons  may  be  thermalized  by  such  scattering,  and  thermal  neutrons  may  make 
multiple  traversals  of  the  gold  foils.  The  observed  flux  gives  a  measure  of  the  total  thermal 
neutron  flux  to  which  equipment  in  the  room  is  exposed. 
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FISSION  RATE  PD-1  ARBITRARY  UNITS 


Figure  11  -  Comparison  of  the  Response  of  Photodiode  No.  1  and  No.  2. 
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NORMALIZED  PHOTODIODE  RESPONSE 
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Sulfur  Neutron  Fluxes  and  Gamma  Ray  Doses 
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^  ±  10  percent  for  values  ^1000  rad,  ±  15  percent  for  values  >1000  rad. 


TABLE  6 


Radial  and  Azimuthal  Distribution  of  Neutron  Flux 


(a) 

Z  ef  xlO~^^  Z2(3f„ 

s  /  2  ” 

(inches)  (neutrons/cm  )  (arbitrary) 


4  3/8 

13.8 

2.65 

5  1/4  • 

9.36 

2,95 

6  3/8 

7.25 

2.96 

8  1/8 

3.76 

2.49 

10  1/4 

2.38 

2,51 

12  1/8 

1.69 

2. 49 

16  5/8 

.928 

2.  57 

20  1/8 

.613 

2.49 

23  7/8 

.409 

2.34 

27  5/8 

.305 

2.  33 

(b) 

0fgXlG-ll 

(deg)  (neutrons/cm^) 


0 

3.31 

5 

3.  39 

10 

3.39 

15 

3.31 

20 

3.42 

25 

3.48 

30 

3.55 

35 

3.38 
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X  r-"  ARBITRARY  UNITS 


DISTANCE  FROM  CENTER  OF  SPHERE  (inches) 
Figure  13  -  Radial  Sulfur  Neutron  Distribution 
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t 

Figure  14  -  Azimuthal  Sulfur  Neutron  Distribution  at  9  Inches  From.  Center  of  Shpere. 
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s 

P4 


40  80  120  16  0  2  00 


EADIAL  DISTANCE  (em) 


Figure  15  -  Ratio  of  Plutonium  to  Sulfur  Neutrons  Versus  Distance  For 
Godiva  n  and  Assumed  Ratio  for  Kukla. 
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Figure  16  -  Thermal  Neutron  Level  in  Reactor  Room« 


SIGOLOFF  DOSIMETRY  RESULTS 


In  order  to  obtain  the  gamma  ray  flux  dependence  on  radial  distance  from  the  center  of  the 
sphere,  the  doses  measured  by  the  chemical  dosimeters  were  normalized  by  dividing  by  the 
temperature  rise  of  the  burst  and  then  these  normalized  values  were  plotted  as  a  function  of 
distance  in  Figure  17.  Typical  10  percent  and  15  percent  errors  are  shown.  The  distribution 
is  quite  consistent  with  an  inverse  square  dependence  from  4.6  inches  to  9  1/2  inches  from  the 
center  of  the  sphere.  The  visual  best-fit  5delds  a  slope  of  (2.12  ±  "i?). 

V  w  JL 

Having  established  the  radial  behavior  of  the  gamma  ray  flux,  we  may  obtain  the  dose  rate 
at  any  distance  using  photodiode  fission  rates  if  the  total  gamma  ray  leakage  energy  per  fission 
is  known.  The  Sigoloff  dosimeters  provide  a  measurement  of  this  total  energy  release.  A  com¬ 
parison  of  the  ratio  of  gamma  to  neutron  fluxes  from  Kukla  and  Godiva  is  also  made. 

A  plot  of  gamma  dose  versus  temperature  rise  is  shown  in  Figure  18,  where  the. doses  have 
been  normalized  to  5.7  inches  by  the  inverse  square  law.  A  trend  to  lower  doses  at  lower  tem¬ 
perature  rises  is  evident.  A  straight  line  fit  through  the  origin  would  have  a  slope  of  about 
(28.6  ±  rads/°C.  The  sulfur  pellet  data  gave  (1.47  ±  .65)  x  10^^  sulfur  nvt  per  °C  at  5.7 
inches.  Using  5.4  total  neutrons  per  sulfur  neutron  we  have  7.95  x  10^®  neutrons/cm^  per  de¬ 
gree  temperature  rise.  Then  (7.95  x  10^*^)/(28.6)  -  (2.78  ±  -^ )  x  10^  neutrons/cm^  per  rad. 

This  number  compares  with  1.63  x  10^  neutrons /cm^  per  rad  for  Godiva  11  (Ref.  11). 

A  measure  of  the  gamma  ray  energy  leaving  the  sphere  may  be  obtained  by  converting  the 
chemical  dosimeter  readings  in  roentgens  to  energy  flmT'in'lVIev/cm^  (Ref.  12).  The  conversion 
factor  will  depend  on  the  gamma  ray  energy  spectrum,  but  is  nearly  constant  between  0.1  and 
1.0  Mev  and  increases  by'vso  percent  at  6.0  Mev.  From  the  plot  of  gamma  dose  versus  tem¬ 
perature  rise  we  obtain  a  value  28.6  rad/°C  at  14.5  cm,  or  28. 6/, 9"=  32  roentgen/°C.  The 
number  of  fissions  per  degree  temperature  rise  is  2  x  10^'^  (see  Discussion  of  Kukla  Flux 
Characteristics).  Thus  the  number  of  roentgens /fission  at  14.5  cm  is  1.6  x  10"^^. 

10  2 

For  one  Mev  gamma  rays  the  conversion  factor  (Ref.  12)  is  5.3  r  per  1.06  x  10  Mev/cm  . 
The  total  gamma  energy  leakage  would  then  be: 

10 

47i(14.5)^  — — 1.6  x10  =  0.  84  Mev/fission. 

b.  c 

For  various  other  effective  gamma  ray  energies,  the  leakage  energy  per  fission  is  shown 
in  Figure  19.  Although  high  accuracy  is  not  obtained  (2,0  x  10^“^  fission/ °C  —  ±10  percent, 

32  r/°C~±25  percent,  0.9  rad/roentgen~±  10  percent,  so~±  30  percent  in  Mev/fission)  we 
have  an  absolute  determination  of  the  leakage  gamma  ray  energy  per  fission.  This  agrees  with 
the  photodiode  calibration  factor,  0.8  Mev/fission,  used  by  the  Lawrence  Radiation  Laboratory. 

SEMIRAD  DOSIMETRY  RESULTS 

SEMIRAD  pulses  were  obtained  from  a  6  x  4  vacuum  tube  mounted  at  5.70  ±  .25  inches  from 
the  Kukla  center  for  ten  of  the  sixteen  bursts.  The  pulses  were  generally  narrower,  i.e.,  short¬ 
er  widths  at  half  maximum,  than  were  those  from  the  photodiodes,  although  they  were  wider 
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Figure  17  -  Total  Gamma  Dose/°C  Versus  Distance. 

1 
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GAMMA  DOSE  (rads  x  10 


AT  CC) 

Figure  18  -  Total  Gamma  Dose  at  5. 7  Inches  Versus  Temperature  Rise 
of  Critical  Assembly. 
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near  the  base  line.  For  five  of  these  ten  bursts  there  was  fair  agreement  between  the  SEMIRAD 
and  photodiode  pulses,  especially  in  the  first  half  of  the  pulse.  To  illustrate  this,  comparison 
plots  of  the  SEMIRAD  and  photodiode  pulses  for  burst  numbers  four  and  five  are  shown  in  Fig¬ 
ure  20.  The  pulses  are  normalized  to  the  same  peak  height  and  plotted  against  time’ before  and 
after  the  peak  using  the  same  center  line. 

Burst  five  is  an  example  of  the  several  bursts  for  which  the  SEMIRAD  and  photodiode 
pulses  are  in  fairly  good  agreement.  The  differences  in  the  pulses  ahead  of  the  peak  are  no 
more  than  the  reading  errors  involved.  There  are  definite  differences  in  the  pulses  for  the  other 
five  bursts,  however,  as  illustrated  in  the  comparison  plot  for  burst -number  four. 

Since  ot  as  computed  for  the  early  rising  portion  of  the  pulses,  the  peak  rates,  and  the  first 
haK  widths,  is  much  more  consistent  for  the  photodiode  than  for  the  SEMIRAD,  it  is  believed 
that  the  SEMIRAD  techniques  developed  by  Boeing  do  not  yet  provide  a  good  diagnostic  tool.  The 
inconsistencies  in  the  SEMIRAD  pulses,  however,  are  thought  to  be  due  more  to  the  electronics 
of  the  system  than  to  the  6x4  itself. 

The  use  of  a  detector  with  larger  emitter  area  and  greater  inter  electrode  spacing,  such  as 
the  2  X  2A  or  919  phototube,  along  with  an  improved  amplifier  should  provide  more  consistent 
results. 
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1.0 


TIME  FROM  PEAK  (microseconds) 

Figure  20  -  Comparison  of  Semirad  and  Photodiode  Pulse  Shapes. 
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DISCUSSION  AND  CONCLUSIONS 


TEST  DOSIMETRY 


The  diagnostic  photodiode  provided  by  the  Lawrence  Radiation  Laboratory  (LRL)  turned 
out  to  be  the  primary  tool  for  the  test  dosimetry.  The  inconsistency  in  the  two  photodiode  traces 
was  not  resolved,  but  since  photodiode  number  two  provided  the  most  consistent  check  with  the 
theoretical  operation  of  the  reactor,  it  was  used  for  all  measurements.  The  calibration  of  the 
photodiode  as  quoted  by  LRL  was  checked  independently  by  the  Boeing  total  integrating  dosi¬ 
meters  . 


The  first  check  was  on  the  assumed  energy  release  in  gamma  ray  energy.  As  was  shown  in 
the  section  on  results,  the  value  of  28.6  rad/°C  as  measured  with  the  Sigoloff  gamma  ray  dosi¬ 
meters  gives  an  energy  release  of  0,84  Mev/fission  ±30  percent,  which  agrees  with  the  value 
of  0.8  Mev/fission  that  was  assumed  in  the  Lawrence  Radiation  Laboratory  calibration  proce¬ 
dures. 


The  second  check  was  on  the  fission  rate  calibration.  The  integral  was  taken  under  the 
prompt  portion  of  the  burst  as  defined  by  the  photodiode  and  as  described  in  detail  in  the  sec¬ 
tion  on  Kukla  theory  and  operation.  This  total  number  of  fissions  was  related  to  the  sulfur  neu¬ 
tron  numbers  by  assuming  5,4  total  (plutonium)  neutrons  per  sulfur  neutron.  The  number  of  sul¬ 
fur  prompt  neutrons  was  corrected  for  the  fissions  occurring  in  the  delayed  tail  by  subtracting 
out  a  constant  value  as  defined  in  the  section  on  Kukla  theory  and  operation.  The  resultant  neu¬ 
tron  flux  and  total  fission  numbers  yield  a  value  of  1.2  leakage  neutrons  per  fission.  This  num¬ 
ber  agrees  roughly  with  the  value  1.4  used  in  the  Lawrence  Radiation  Laboratory  calibration. 


The  first  half  of  the  photodiode  curve  is  independent  of  the  tail  of  the  burst,  so  that  rela¬ 
tive  dose  rates  from  burst-to-burst  should  be  accurate.  For  this  reason,  and  since  the  photo¬ 
diode  calibration  has  been  independently  checked,  the  neutron  dose  rate  j5n{t)  each  experi¬ 
mental  setup  covered  in  this  report  was  taken  to  be: 


„here 

47t  r*^ 


F{t)  =  fissions/second  as  read  from  calibrated  trace  of  PD-2. 
1.4  =  prompt  neutrons/fission  leaving  the  sphere, 
r  =  distance  from  center  of  sphere  to  experimental  position. 


The  gamma  ray  flux  was  obtained  from  F(t)  and  the  curve  of  Figure  21.  This  curve  assumes 
0,8  Mev  gamma  ray  leakage  per  fission  and  inverse  square  radial  dependence.  This  procedure 
will  not  compensate  for  variations  in  flux  at  each  experimental  setup  caused  by  scattering  from 
nearby  material. 
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(Mev/cm"  ■>  fission) 


Figure  21  -  Gamma  Dose  Per  Fission  Versus  Distance  Based  on  0. 8  Mev 
Leakage  Per  Fission  and  Inverse  Square  Lav/. 
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For  times  so  early  that  the  deflection  of  the  scope  trace  from  PD-2  could  not  be  read,  the 
fission  rate  F(t^),  measured  at  time  t^  on  the  x'ising  exponential  portion  of  the  curve,  was  ex¬ 
trapolated  back  using  the  measured  alpha  and  the  relation; 

F(t)  =  Flt^e*^^ 


The  values  used  are  shown  in  Table  7. 

The  error  in  d.  is  estimated  to  be  ±  seven  percent  and  that  in  F(r)  to  be  ±  .03  x  10  fis¬ 
sions/sec.  The  percentage  error  in  the  extrapolated  values  of  F{t)  will  increase  with  increasing 
time  intervals  of  extrapolation,  and  will  be  larger  for  smaller  values  of  F(t').  For  large  time 
intervals  the  error  in  oL~^)  will  dominate  because  of  the  multiplier  (t-t*)/{  See 

discussion  in  section  on  Dosimetry  Results;  An  extrapolation  to  the  start  of  the  photodiode  two 
trace  of  burst  two  may  result  in  an  error  on  F(to)  of  ±  60  percent,  for  e.xample. 


KUKLA  FLUX  CHARACTERISTICS 


Analytic  expressions  for  the  time  dependent  behavior  of  a  critical  assembly  such  as  Kukla 
have  been  derived  (Ref.  11),  Assuming  that  the  delayed  neutron  contribution  can  be  neglected 
during  the  prompt  burst,  the  following  relationships  hold: 


where 


F(t)  = 


-  4F(tm)  e 


e<(t-tm) 


1  +  e 


w 


1 

ot 


In 


r3+  2  /2 

\j  -2  /2 


=  3.52 


i(t  )  =  _ IL 

im  4 

F(t)  =  fission  rate  as  function  of  time,  t, 
ot  =  constant 

w  =  full  width  at  half  maximum 

tj^  =  time  at  maximum  fission  rate 


(1) 

(2) 


(3) 


It  has  also  been  found  (from  Ref.  11)  for  Godiva  II  that:o(.=  500  AT,  where  AT  is  the  tem¬ 
perature  rise  of  the  critical  assembly  in  degrees  centigrade,  and  alpha  is  in  reciprocal  seconds. 
With  these  relationships,  one  need  know,  in  principle,  only  the  temperature  rise,  the  radial  fall- 
off  in  intensity,  and  the  leakage  constant  for  neutrons  and  gamma  rays  in  order  to  calculate  the 
flux  rate  at  any  time  at  any  position  with  respect  to  the  critical  assembly.  However,  the  tem¬ 
perature  rise  is  a  measure  of  the  total  number  of  fissions,  wliile  the  equations  above  apply  to 
the  fissions  during  the  prompt  part  of  the  burst,,  so  that  a  correction  for  the  tail  of  the  burst  is 
required. 
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TABLE  7 


CHARACTERISTICS  OF  KUKLA  BURSTS 


a  b 


Burst  No. 

AT  °C 

1/4  usee 

tm 

2^F(t)dt 

fissions 

2W, 

1/2  usee 

max 

fission/ sec 

1 

60 

— 

— 

— 

2 

59 

64i:7%  ^ 

4.55x1015±3%  ^ 

246±10 

19 

1.76x10  ±.03x10 

3 

56 

39 

5.  37 

168 

3.02  " 

4 

59 

39 

7.22 

132 

4.28  " 

5 

62 

38 

7.80 

132 

5.10  " 

6 

46 

105 

4. 18 

364 

1.02 

7 

51 

75 

4.80 

249 

1.72 

8 

56 

60 

5.41 

178 

2.98 

9 

45 

82 

4.65 

234 

1.65 

10 

46 

75 

4.20 

268 

1.39 

11 

43 

123 

2.48 

412 

.61 

12 

48 

93 

4.09 

280 

1.37 

13 

42 

121 

3.23 

388 

.66 

14 

45 

112 

5.15 

348 

1.00 

15 

49 

71 

4.69 

244 

1.60 

16 

36 

100 

2.  38 

400 

.66 

a. 


twice  the  integral  of  the  fission  rate  up  to  the  peak  of  the  burst. 


b.  ^^1/2  =  twice  the  time  between  the  first  1/2  maximum  and  the  peak  of  the  burst. 


c.  Errors  in  measuring  photos  plus  error  in  visual  st.  line  fit. 


d.  Errors  in  measuring  photos  only. 
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The  contribution  from  this  tail  is  reported  (Ref.  llj  to  be  a  constant  for  nominal  bursts  of 
Godiva  H;  henee  could  be  subtracted  out.  The  resultant  neutron  dose  is  then  proportional  to  the 
total  fissions  during  the  prompt  part  of  the  burst,  and  so  the  above  relationships  still  hold  with 
^(t),  the  prompt  neutron  dose  rate,  substituted  for  r(t).  IBM  has  taken  this  approach. 

In  order  to  test  the  reactor  theory  and  the  empirical  relationships  stated  above,  the  dosi¬ 
metry  data  from  the  Kukla  tests  have  been  analyzed  in  a  variety  of  ways.  The  agreement  is 
generally  good,  and  only  the  empirically  determined  dependence  of  l/d.  on  AT  for  Godiva  n 
seems  to  be  inconsistent  with  Kukla  data. 


The  relation  w  =  (l/ck  )  3.  52,  defined  in  (Ref.  11),  has  been  tested  by  taking  w  to  be  twice 
the  time  interval.  At-,  from  the  first  1/2  maximum  point  to  the  peak  of  the  PD-2  curve.  Fig¬ 
ure  22  shows  the  agreement. 


The  relation  F(tjj)_)  =  4^F(t)  dt  has  been  tested  by  taking  .^^©^(tldt  to  be  twice  the  area 
under  the  curve  up  to  the  peak.  Figure  23  shows  the  agreement.  Thus  equation  (1)  above  ade¬ 
quately  describes  the  symmetric  curve  obtained  by  reflecting  the  rising  portion  of  the  fission 
rate  curve  about  the  peak  value.  Figure  24  is  a  plot  of  l/ot  versus  AT,  the  temperature  rise. 
The  form<X  =  (constant)  x  AT,  as  reported  by  IBM,  is  not  well  verified.  The  data  would  seem 
to  be  roughly  represented  by  AT  =  (65  -^^^)  for  these  low  yield  bursts,  where  AT  =  degrees 
centigrade  and  l/cx  =  microseconds.  More  data  will  be  required,  preferably  with  larger  tem¬ 
perature  rises,  to  determine  if  a  clear  relationship  exists.  The  relatively  low  temperature 
rises  of  the  sixteen  bursts  of  this  series  are  associated  with  the  fact  that  the  facility  had  only 
recently  become  operational.  Maximum  burst  levels  were  not  then  being  attempted.  This  series 
comprised  the  25th  through  the  40th  bursts  of  the  device. 


Figure  25  shows  a  plot  of  twice  the  integrated  number  of  fissions  up  to  the  peak  of  the 
burst  versus  the  neutrSn  flux  measured  at  the  screen  by  means  of  sulfur  pellets.  Only  bursts 
eight  through  sixteen  were  monitored  at  the  screen,  so  the  first  seven  shots  are  not  displayed. 


A  tentative  straight  line  is  drawn  through  the  points,  having  an  intercept  on  the  abscissa 
at  5. 6  X  10^^  sulfur  nvt.  This  line  has  the  form: 


Total  prompt  fissions  =  constant  x  (Sulfur  nvt  -  5.  6  x  10^^) 

The  constant  obtained  from  the  slope  of  |lm  l^e  is  6.2  x  10^  fissions/ sulfur  nvt.  The  num¬ 
ber  of  leakage  neutrons  per  fission  is  then (5^2  x  10^)  x  5. 4  =  1. 2,  where  5. 4  is  the  ratio  of  the 
flux  measured  by  plutonium  foils  to  the  flux  measured  by  sulfur  pellets.  The  value  1.  2  com¬ 
pares  with  the  value  1.4  used  in  the  Livermore  Radiation  Laboratory  photodiode  calibration. 
This  provides  a  rough  independent  check  of  the  PD-2  calibration. 


Figure  26  is  a  plot  of  twice  the  integrated  number  of  fissions  up  to  the  peak  of  the  burst 
versus  temperature  rise  of  the  sphere.  The  slope  of  the  visual-best-fit  straight  line  is  (1.94^^*  3) 
X  10^“^  fissions  per  degree  centigrade.  From  the  known  mass  (59.2kg)  and  specific  heat  (0.028 
cal/gm°C)  of  the  uranium  sphere,  and  making  the  approximation  that  all  of  the  200  Mev  per 
fission  energy  release  remains  in  the  sphere,  the  value  2. 15  x  10^'^  is  obtained. 
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Figure  22  -  Comparison  of  Kukla  Burst  Data  With  Analytical  Expression  for 
Pulse  Width. 
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Figure  24  -  Plot  of  Versus  Temperature  Rise  A  T,  Solid  Line  Is  Empirical  Relationship 

Measured  for  Godiva  H. 


6 


(SCREEN)  X  10“^^  (neutrons/cm^) 


Figure  25  -  Sulfur  Neutron  Dose  Measured  at  the  Screen  Versus  Total 
Fissions  Under  Prompt  Peak. 
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Figure  26  -  Total  Prompt  Fission  Versus  Temperature  Rise  of  Critical 
Assembly. 
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RE  C  OMME  NDA  TIONS 


Several  improvements  in  the  dosimetry  techniques  immediately  suggest  themselves.  One 
of  the  easiest  and  potentially  most  useful  is  an  extension  of  the  time  interval  observed  on  the 
photodiode  traces  to  include  all  of  the  burst.  If-SD  percent  of  the  energy  release,  could  be  mon¬ 
itored,  then  the  area  imder  the  photodiode  trace  could  be  plotted  as  a  fimction  of  temperature 
rise,  total  neutron  dose  (sulfur  or  other  monitors),  and  total  gamma  dose.  Linearity  in  such  a 
graph  would  imply  linearity  of  the  photodiode  response  and  at  the  same  time  would  provide  an 
independent  calibration  of  the  photodiode  to  the  extent  that  the  total  dose  monitor  calibrations 
were  known.  In  line  with  this  procedure,  a  duplicate  set  of  traces,  as  was  attempted  with  PD-1 
and  PD-2,  would  of  course  be  highly  valuable. 

The  temperature  rise  by  itself  would  appear  to  have  possibilities  as  a  total  fission  monitor. 
The  energy  liberated  per  fission  is  relatively  well  known,  and  the  nuclear  radiation  energy 
escaping  from  the  reactor  is  small  and  known  approximately.  Thus  a  knowledge  of  the  specific 
heat  of  the  reactor  material  and  the  temperature  rise  will  allow  a  calculation  of  the  total  num¬ 
ber  of  fissions,  provided  the  temperature  measured  is  effectively  the  uniform  temperature  of 
the  reactor  and  the  heat  loss  is  small  and/or  known.  Photodiode  fission  data  in  this  report 
(Figure  26)  agree  within  the  experimental  uncertainties  (~30  percent)  with  the  total  fissions 
calculated  from  the  temperature  rise  as  presently  measured,  so  the  method  looks  promising. 

Considerable  work  remains  to  be  done  with  threshold  detectors.  The  neutron  energy  spec¬ 
trum  outside  Kukla  has  not  been  measured  to  any  extent,  although  there  is  no  reason  to  believe 
it  is  different  from  that  of  other  prompt  reactors  such  as  Godiva.  In  particizlar  the  conversion 
factor  to  obtain  total  neutron  flux  from  sulfur  pellet  data  has  considerable  uncertainty.  More 
intensive  application  of  present  techniques  is  required. 

The  effect  of  nearby  material  on  neutron  and  gamma  fluxes  is  not  well  known  although  it 
has  been  suggested  that  the  effect  is  large  (Ref,  13).  Controlled  experiments  with  and  without 
nearby  equipment  would  help  to  resolve  this  question.  Particular  attention  to  commonly  used 
experimental  material  might  be  helpful,  e.g.,  dosimeters  potted  in  Silastic,  enclosed  in  me¬ 
tallic  cans,  etc. 

Calculations  of  the  radial  dependence  of  the  gamma  flux  indicate  that  the  radial  fall-off 
near  the  reactor  surface  should  be  less  steep  than  an  inverse  square  dependence.  Although  only 
approximate,  the  calculations  make  one  uncomfortable  about  using  the  inverse  square  law  with¬ 
in  a  few  Inches  of  the  reactor  surface,  where  most  of  the  radiation  damage  tests  are  performed. 
A  more  accurate  measurement  of  both  the  gamma  ray  and  neutron  flux  fall-off  with  distance  is 
desirable.  Measurements  all  the  way  to  the  surface  of  the  reactor  should  be  made  in  an  effort 
to  obtain  some  indication  of  deviation  from  an  inverse  square  dependence.  Gamma  dosimeters 
smaller  than  the  Sigoloff  type  (e.g.,  glass  Ref.  5)  would  be  useful. 

After  an  extended  period  of  non-operation  of  the  reactor,  when  the  residual  activity  is  small, 
the  reactor  could  be  operated  in  a  continuous  manner  at  a  low  power  level,  and  standard  counter 
techniques  employed  to  measure  the  gamma  ray  and  neutron  energy  spectra.  This  program 
would  require  a  sizeable  effort,  but  the  information  sought  is  highly  desired. 
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INTRODUCTION 


Dielectrics  are  recognized  as  one  of  the  classes  of  materials  which  are  most  affected  by 
nuclear  radiation.  The  behavior  of  a  large  number  of  electronic  piece  parts  when  exposed  to 
nuclear  radiation  depends  upon  the  behavior  of  the  dielectric  materials  which  are  a  major 
part  of  their  structure.  Such  electronic  piece  parts  include  capacitors,  wiring  and  cables, 
switches,  transformers,  and  many  others.  A  thorough  understanding  of  the  changes  which  may 
occur  in  dielectric  materials  when  subjected  to  nuclear  radiation  is  necessary  in  order  to  pre¬ 
dict  and  analyze  the  behavior  of  the  piece  parts  when  irradiated. 

Many  studies  have  been  performed  to  determine  permanent  radiation  effects  in  dielectric 
materials  and  capacitors  when  exposed  to  nuclear  radiation  from  reactors  and  Co®®  gamma 
sources.  These  effects  are  reasonably  well  known  (Ref.  14  through  22), 

"  'A  smaller' quantity  of  data  has  been  obtained  for  changes  in  the  electrical  properties  of 
capacitors  and  dielectric  materials  when  exposed  to  constant  gamma  irradiation  levels  produced 
by  Co®®,  reactors,  and  other  sources  (Ref.  18  through  25),  The  rate-dependent  behavior  of 
conductivity  has  been  determined  for  a  large  number  of  dielectric  materials  at  gamma  irradi¬ 
ation  rates  up  to  IG®  r/sec.  These  measurements  indicate  that  conductivity  varies  proportional 
ro  0  A  where  0  is  the  gamma  radiation  rate  and  A  =  0.5  to  1.0,  depending  on  the  dielectric  ma¬ 
terial.  Scattered  measurements  of  the  effects  of  gamma  radiation  at  rates  up  to  10®  r/sec  on 
such  electrical  properties  as  electric  strength,  dielectric  constant,  and  dissipation  factor  have 
been  performed  on  several  dielectric  materials  (i,e.  Ref,  22).  The  transient  effects  on  these 
electrical  properties  are  small  compared  with  the  conductivity  changes  and  vary  considerably, 
depending  on  the  type  of  material  and  the  test  condition. 

Before  the  present  program  little  data  had  been  determined  on  transient  effects  caused  by 
short,  high  level  pulses  of  neutron  and  gamma  radiation.  The  quantity  and  quality  of  these  data 
were  limited  by  the  shortage  of  appropriate  radiation  facilities  and  the  experimental  difficul¬ 
ties  peculiar  to  such  tests.  Some  transient  radiation  effects  data  for  capacitors  and  dielectric 
materials,  when  subjected  to  pulsed  neutron,  gamma  and/or  electron  radiation,  had  been  ob¬ 
tained  with  the  Godiva  II  critical  assembly,  linear  accelerators,  and  other  sources  (Ref,  26 
through  31).  Transient  conducti\dty  changes  had  been  noted  in  the  form  of  electrical  leakage  in 
capacitors  and  dielectric  materials;  minimum  resistances  as  low  as  15  Kil  had  been  measured 
during  the  radiation  pulse.  Detailed  data  presenting  conductivity  as  a  function  of  rate  at  levels 
of  10®  to  10^  r/sec  had  not  been  determined.  Conductivity  and  emf’s  induced  in  electrical  cables 
had  been  studied,  but  results  were  far  from  conclusive.  Inconclusive  changes  in  capacitance 
(up  to  10  percent  or  15  percent)  had  been  noted  during  the  radiation  pulse,  but  the  data  are 
sparse  and  of  limited  validity.  Useful  data  concerning  electric  strength  during  a  pulse  of  radia¬ 
tion  were  non-existent.  Few  basic  studies  concerning  pulsed  radiation  effects  in  dielectric  ma¬ 
terials  had  been  conducted. 

The  experiments  described  in  this  section  were  designed  to  obtain  additional  information  in 
the  critical  area  of  transient  radiation  effects  in  dielectric  materials,  and  specifically  to  inves¬ 
tigate  dielectric  breakdown,  dielectric  constant,  and  conductivity  changes. 
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PURPOSE 


The  purpose  of  these  tests  is  to  study  the  electrical  characteristics  of  capacitors  and  di¬ 
electric  materials  during  a  short,  intense  pulse  of  neutron  and  gamma  radiation.  Specific  char¬ 
acteristics  of  interest  are  conductivity  and  electrical  leakage,  dielectric  constant  and  capa¬ 
citance,  and  electric  strength.  The  object  of  the  tests  is  the  collection  of  basic  parametric  data 
concerning  these  characteristics.  The  analysis  of  capacitor  test  data  should  yield  basic  data 
concerning  the  dielectric  materials,  and  the  dielectric  material  data  should  be  useful  in  analyz¬ 
ing  or  predicting  pulsed  radiation  effects  in  capacitors  and  other  electronic  piece  parts. 
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DESCRIPTION  OF  TEST  SPECIMENS 


TEST  ITEMS 

Several  dielectric  materials  and  capacitor  types  were  selected  for  testing.  An  effort  was 
made  to  choose  a  variety  of  high  quality  matei'ials  and  capacitors  which  are  widely  used  in 
electronic  systems.  The  materials  and  capacitors  selected  were: 

1.  Mylar  (polyethylene  terephthalate)  -  0.75  x  10"^  cm  thickness 

conductivity  ^  3.8  x  10~^^  (ohm-cm)"^ 

,  electric  strength  =  1.64  ±  .39  x  10®  volts/cm  for 
double  layer  (1.5  x  10“®  cm) 

2.  Sprague  Vitamin  Q  impregnated  paper  -  1.5  x  10  cm  thickness 

conductivity  4  7.5  x  10“^®  (ohm-cm)”^ 
electric  strength  =  8.86  ±  1.97  x  10®  volts/cm  for 
double  layer  (3.0  x  10“®  cm) 

3.  Good-All  mylar  capacitors,  l/tf,  600  VDC 

4.  Sprague  Vitamin  Q  impregnated  paper  capacitor,  0.47/uf,  400  VDC 

5.  Six-ohm  carbon  composition  resistor 

6.  Dykanol  G  (chlorinated  diphenyl)  oil  capacitor,  6/uf,  600  VDC,  GE  TJU  6060J 

7.  Comell-Dublier  “PUP”  wax-impregnated  paper  capacitors,  l.O/xf,  600  VDC 

8.  Cornell-Dublier  “CUB”  oil-impregnated  paper  capacitor,  0.1>cf,  600  VDC 
(CP28A1EF104K) 

9.  El  Menco  silver-mica  capacitors,  O.OlyUf,  500  VDC 

10.  Disk  type  ceramic  capacitors,  O.Ol/xf,  600  VDC. 

The  mylar  and  Vitamin  Q  paper  were  tested  in  multiple  layers  to  avoid  difficulties  caused 
by  “pin-holes”  in  the  thin  single  layers.  Mylar  capacitor  specimens  consisted  of  two  or  three 
of  the  l.OyUf  type  in  series.  The  mylar  and  Vitamin  Q  capacitors  were  mounted  on  terminal 
boards  which  were  then  equipped  with  cable  connectors  and  mounting  brackets.  These  speci¬ 
mens  were  not  potted;  however,  the  tests  were  such  that  there  would  be  no  air  ionization  pro¬ 
blem.  The  6  ohm  resistor  was  prepared  similarly  as  a  dummy  Ipad.  These  specimens  are  shown 
in  Figure  27. 

The  remaining  capacitors  were  moimted  similar  to  those  above,  but  they  were  potted  with 
Epoxy  Kish  compound  to  prevent  air  ionization  effects  at  high  impedances  and  voltages.  The 
6/^f  oil  and  O.l^^f  “CUB”  capacitors  were  mounted  singly.  Test  specimens  for  the  mica  and 
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Figure  27  -  Constant-Voltage  A.  C.  Test  Specimens 


ceramic  each  consisted  of  ten  0.01/if  capacitors  in  parallel.  Six  1/4  f  “PUP”  capacitors  were 
used  in  parallel. 

TEST  EQUIPMENT  AND  TECHNIQUES 

Four  types  of  tests  were  performed: 

A.  D.C.  Conductivity  and  Electric  Strength 

B.  D.C.  Capacitor  Leakage 

C.  Constant-Voltage  A.C.  Capacitor  Tests 

D.  Constant-Current  A.C,  Capacitor  Tests 

A  description  of  the  test  equipment  and  techniques  for  each  type  of  test  follows.  ' 

A.  D.C.  Conductivity  and  Electric  Strength 

This  test  was  used  to  determine  the  effects  of  pulsed  radiation'  on  the  mylar  and  Vitamin  Q 
impregnated  paper.  Conductivity  and  voltage  breakdown  during  the  radiation  pulse  were  meas¬ 
ured  simultaneously  for  multiple  layers  of  the  dielectric  materials, 

A  special  test  fixture,  Figure  28,  was  designed  for  use  with  the  circuit  for  Test  A,  Fig¬ 
ure  29,  The  test  fixture  consists  of  two  parallel  plate  carbonsteel  electrodes  mounted  within 
polystyrene  insulators  on  a  steel  frame.  The  upper  and  lower  electrodes  are  1.0  and  1,5  inches 
in  diameter,  respectively,  and  are  flat  within  0.0001  inch.  The  upper  plate  rides  on  a  centering 
point  attached  to  a  micrometer  shaft;  the  plate  is  detachable  for  ease  in  placing  the  dielectric 
layers  smoothly  between  the  plates.  The  micrometer  allows  measurement  of,  and  adjustment 
for,  specimen  thickness  within  ±0.0001  inch.  The  electrode  thicknesses  (0.25  inch),  diameters 
and  rounded  edges  are  appropriate  for  electric  strength  measurements.  A  0.25  inch  thick  nylon 
ring  surroimds  the  upper  electrode,  extending  to  the  edges  of  the  lower  electrode.  This  ring 
was  designed  to  reduce  the  possibility  of  air  ionization  effects  and  surface  breakdown.  The 
upper  electrode  and  ring  sit  sntlgly  upon  the  dielectric  sample  and  lower  electrode  so  that  the 
major  path  for  air  ionization  conduction  is  from  above  the  nylon  ring  on  the  high  voltage  (upper) 
electrode,  around  the  edges  of  the  dielectric  material  which  extends  at  least  0.25  inch  past  the 
lower  electrode  on  all  sides,  and  then  to  the  measuring  (lower)  electrode.  Ionization  currents 
from  the  upper  electrode  to  the  frame  are  not  included  in  the  measurements.  The  dielectric  test 
fixture  was  designed  to  withstand  >4000  VDC  across  the  electrodes.  Electrical  connections  are 
made  directly  from  coaxial  cables  to  the  electrode  shafts  and  adequate  grounding  of  frame  and 
cable  shield  is  provided  in  order  to  reduce  noise  pickup.  Mounting  brackets  are  provided  for 
vertical  or  horizontal  mounting  of  the  test  fixture  (Figure  28). 

Conductivity  for  the  materials  was  measured  before  and  after  the  radiation  pulse,  with  a 
Keithley  Model  200B  Electrometer  and  Model  2008  Decade  Shunt  indicating  the  current  produced 
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Figure  28  -  Dielectric  Test  Fixture  and  Mounting  Brackets 


TEST  B  -  DC  CAPACITOR  LEAKAGE 


Figure  29  -  DC  Test  Equipment  and  Circuitry. 
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in  the  material  by  application  of  high  voltage.  The  high  voltage  supply  used  in  these  tests  is 
shown  in  Figure  30,  along  wdth  the  limiter-decoupling  R-C  network  to  protect  the  supply  in 
case  of  voltage  breakdown  or  extremely  high  specimen  conductivity  during  the  pulse  of  radia¬ 
tion.  Conductivity  during  the  pulse  was  measured  by  observing  the  voltage  developed  across 
the  75  ohm  cable-terminating  resistor  and  calculating  conductivity  values  from  the  known  test 
fixture  geometry  and  applied  voltage  (See  Analysis  Section  ).  Voltage  breakdown  during  the 
pulse  would  be  indicated  by  a  sharp  increase  in  monitored  voltage.  The  test  voltage  during 
radiation  was  chosen  to  be~75  percent  of  the  average  measured  breakdown  voltage  without 
radiation.  One  test  was  performed  with  the  plates  shorted  to  check  for  cable  effects. 

B.  D.C.  Capacitor  Leakage 

This  test  was  used  to  determine  the  electrical  leakage  induced  in  the  oil,  “CUB,”  “PUP,” 
mica  and  ceramic  capacitors  during  the  radiation  pulse.  The  capacitors  were  charged  to  600 
VDC  immediately  before  the  radiation  pulse.  The  voltage  across  the  capacitors  was  monitored 
during  and  after  the  pulse  with  the  circuit  shown  in  Figure  29  for  Test  B. 

The  oil  and  “CUB”  capacitors  were  dismantled  after  testing,  and  the  area  and  thickness 
of  the  “parallel  plate”  geometry  were  measured  so  that  leakage  data  could  be  converted  to 
conductivity  changes  (See  Analysis  Section).  The  initial  leakage  resistance  of  a  0.1/if  “CUB” 
capacitor  was  also  measured  for  reference. 

C.  Constant-Voltage  A.C.  Capacitor  Tests 

This  test  was  used  to  determine  capacity  or  dielectric  constant  changes  in  the  mylar  and 
Vitamin  Q  capacitors  (and  materials)  during  the  radiation  pulse.  The  A.C.  current  through  the 
capacitor  at  50  kc/s  was  monitored  during  the  pulse  with  the  circuit  shown  in  Figure  31  for 
Test  C.  The  voltage  across  the  capacitor  remains  nearly  constant,  so  that  the  voltage  across 
the  0.5  ohm  resistor  (and  95X1  terminating  resistor)  is  nearly  proportional  to  the  capacitance 
of  the  specimen.  The  A.C.  signals  were  small,  being  limited  by  the  constant-voltage  circuit 
used  with  the  oscillator.  The  entire  peak-to-peak  A.C.  signal  was  observed  in  all  tests;  this 
procedure  limits  the  sensitivity  attainable  with  the  circuit.  One  test  was  performed  using  the 
6x1  resistor  as  a  load  in  order  to  check  cable  effects. 

...  .  — , 

D.  Constant-Current  A.C.  Capacitor  Tests 

This  test  was  used  to  determine  capacity  or  dielectric  constant  changes  in  the  O.lyuf  test 
specimens  (“CUB,”  mica,  ceramic)  during  the  radiation  pulse.  The  A.C.  voltage  across  the  capa¬ 
citor  at  50  kc/s  was  monitored  during  the  pulse  with  the  circuit  shown  in  Figure  31  for  Test  D. 
Initial  voltage  was  20  volts  p-p  in  all  cases.  The  current  through  the  capacitor  is  nearly  con¬ 
stant;  the  voltage  across  the  capacitor  (and  75X1  terminating  resistor)  is  nearly  proportional 
to  the  capacitive  reactance  of  the  specimen  (voltage  percent  change  =0.9  capacitive  reactance 
percent  change).  The  entire  peak-to-peak  A.C.  signal  was  observed  at  first,  with  consequent  re¬ 
duction  in  sensitivity.  A  greatly  magnified  view  of  the  lower  portion  of  the  signal  was  observed 
in  later  tests;  in  this  case,  the  sensitivity  is  increased  to  detect  < ±  1  percent  change,  but  any 
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Figure  30  -  High-Voltage  Power  Supply  and  Decoupling-Limiting  Circuit 
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TEST  C  -  CONST  ANT- VOLT  AGE  AC  CAPACITOR  TEST 


TEST  D  -  CONSTANT-CURRENT  AC  CAPACITOR  TEST 


Figure  31  -  AC  Test  Equipment  and  Circuitry. 
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observed  change  could  be  due  to  either  the  modulation  of  the  A.C.  signal  or  a  shift  in  the  D.C, 
level  of  the  signal  on  the  oscilloscope.  The  inability  to  observe  the  entire  A,C,  signal  in  the 
latter  case  introduces  an  uncertainty  in  the  nature  of  any  observed  changes. 

In  both  Test  C  and  Test  D,  the  capacitive  reactance  of  the  specimens  was  sufficiently  low 
that  resistance  decrease  in  the  capacitor  during  radiation  would  not  influence,  the  measure¬ 
ment.  The  capacitance  values  used  for  specimens  were  much  larger  than  the  cable  capacitance; 
hence,  one  would  not  expect  changes  in  cable  capacitance  during  radiation  to  affect  the  results. 

Table  8  contains  a  list  of  test  specimens,  types,  and  conditions  for  the  sixteen  shots  per¬ 
formed  at  the  Kukla  critical  assembly  in  this  test  series.  Tests  which  did  not  yield  usable  data 
due  to  experimental  difficulties  or  poor  equipment  settings  are  not  included  in  Table  8,  One  or 
two  sulfur  pellets  and  a  Sigoloff  gamma  dosimeter  were  used  on  the  test  specimen  during  each 
shot. 

Figure  32  shows  the  oil  capacitor  and  the  dielectric  test  fixture  mounted  on  the  test  stands 
and  positioned  next  to  a  mockup  of  the  Kukla  facility.  A  similar  photograph  for  the  0,5//f  mylar 
capacitor  specimen  is  shown  in  Figure  33.  Figure  2  shows  a  t}ipical  arrangemelit  of  test  speci¬ 
mens  around  the  Kukla  facility. 
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TABLE  8 

i 

SUMMARY  OF  DIELECTRIC  AND  CAPACITOR  TESTS 
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Figure  32  -  Dielectric  Test  Fixture  and  OH  Capacitor  in  Test  Position 
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Figure  33  -  Mylar  Capacitor  Specimen  in  Test  Position 
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TEST  HESULTS  AND  DISCUSSION 


TEST  RESULTS 

In  the  presentation  and  analysis  of  results  which  follow,  the  dosimetry  defines  all  tran¬ 
sient  effects  in  terms  of  the  gamma  radiation  portion  of  the  critical  assembly  output.  The 
contribution  to  ionization  from  the  neutron  portion  of  the  critical  assembly  output  has  not  been 
established  for  low  atomic  weight  materials  such  as  the  dielectrics,  and  one  might  expect  an 
appreciable  transient  effect  from  neutron  flux  in  these  materials.  However,  the  data  and  analy¬ 
ses  presented  here  are  consistent  with  the  assumption  that  the  gamma  radiation  alone  causes 
the  effects.  Essentially  no  permment  damage  effects  were  noted  in  these  experiments. 

Electric  Strength 

No  effect  on  the  electric  strength  of  Vitamin  Q  paper  due  to  the  pulsed  radiation  was  noted 
within  25  percent  of  normal  breakdown  voltage  (Shots  .7- and  8).  The  maximum  rate  was  1.5  x  lO® 
r/sec  for  the  first  test  and  2.64  x  10®  r/sec  for  the  second  test.  The  specimen  for  the  second 
test  had  received  2.73  x  lO-*-  neutrons/  cm'^  prior  irradiation  and  still  did  not  show  transient 
electric  strength  changes.  Difficulties  were,  experienced  with  fatigue  and  premature  breakdown 
in  the  mylar  before  testing,  so  the  mylar  was  tested  with  applied  fields  that  were  only  35  to  40 
percent  of  the  normal  electric  strength.  Typical  results  for  electric  strength  tests  are  shown 
in  Figure  34a. 

It  should  be  noted  that  the  mica,  ceramic,  oil,  and  “PUP”  capacitors  were  all 

tested  for  D.C.  leakage  at  rated  voltage  and  showed  no  breakdown  during  radiation  at  the  rates 
listed  in  Table  8.  Apparently  the  ionization  and  increased  conduction  in  the  dielectric  materials 
due  to  gamma  radiation  cause  no  large  decreases  in  electric  strength  for  the  materials  and 
radiation  rates  used  in  these  tests. 

Capacitance 

Typical  results  for  the  constant-voltage  A.C.  tests  are  shown  in  Figure  34b  (in  this  case 
for  the  0.5^ f  mylar  capacitor).  Results  for  the  constant-current  A.C.  tests  are  shown  in  Fig¬ 
ures  35a,b,  36a,b,c  and  37a  for  the  6,1/uf  ceramic,  0.1/if  mica  and  O.l^f  “CUB”  capacitors. 

The  results  of  the  A.C.  capacitance  tests  are  summarized  in  Table  9.  The  only  apparent  change 
in  capacitance  within  the  sensitivity  of  the  tests  was  the  3.5  percent  reduction  in  capacitance 
listed  for  the  0.1/Uf  “CUB”  capacitor  in  Shot  15  (Figure  35a).  However,  an  identical  test  on  the 
same  capacitor  in  Shot  16  (Figure  35b)  did  not  show  the  change  indicated  in  Shot  15  when  extra¬ 
polated  linearly  to  the  radiation  rate  of  Shot  16.  Three  prior  tests  (i.e.  Figure  37a)  on  the  same 
capacitor  also  showed  no  measurable  change.  The  change  in  Shot  15  can  probably  be  attributed 
to  a  change  in  the  overall  D.C.  level  rather  than  A.C.  modulation.  Shot  13,  with  the  6  ohm  resis¬ 
tor  as  a  dummy  load,  did  not  indicate  any  measurable  changes  due  to  cable  effects  during  radia¬ 
tion  (the  6Jtl. resistor  should  remain  stable  at  the  radiation  rates  of  these  tests).  The  mica  and 
ceramic  capacitors,  as  well  as  the  0.1/tf  “CUB”  capacitor  were  retested  after  one  or  more 
prior  radiation  pulses ;  the  amount  of  prior  irradiation  is  listed  in  Table  8  for  each  test. 
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Shot  Nr..  14 


D.C.  Conductivity  and 
Breakdown  Test 
6. 1  X  10“^  cm  Vitamin  Q  Paper 
5  mv/cm  Vertical 
200  ^s/cm  Horizontal 


(a) 


Shot  No.  11 


A.C.  Capacitor  Test 
0.  5  /if  Mylar  Capacitor 
10  mv/cm  Vertical 
100  /is/cm  Horizontal 

(b) 

Figure  34  -  Sample  Data — D.  C.  Conductivity  and  Constant-Voltage 

A.  C.  Capacitor  Tests 


WADD  TN  61-8,  Pt  I 


97 


I 


\ 


Shot  No.  15 


Upper  Trace; 

A.  C.  Capacitor  Test 
0.1  Mf  "CUB"  Capacitor 
1  V/cm  Vertical 
50  Kc/s  A.  C. 


Lower  Trace: 

D.C.  Leakage  Test 
0. 1  Ceramic  Capacitor 
20  V/cm  Vertical 
200  p  s/cm  Horizontal 


(a) 


Upper  Trace:  Lower  Trace: 

A.C.  Capacitor  Test  Thyratron  Test 

O.lpf  "CUB"  Capacitor 
1  v/cm  Vertical 
200  p s/cm  Horizontal 

Figure  35  -  D.C.  Leakage  Test  Data  and  0.1  /zf  "CUB"  Capacitor 
Constant-Current  A.  C.  Test 


WADDTN61-8,  Pt  I 


98 


Upper  Trace: 


A.  C.  Capacitor  Test 
0.  Ifif  Mica  Capacitor 

1  V/cm  Vertical 
50  Kc/s 

Lower  Trace: 

D.  C.  Leakage  Test 
0. 1/if  "CUB"  Capacitor 

2  V/cm  Vertical 

200  /is/cm  Horizontal 


Upper  Trace: 

A.  C.  Capacitor  Test 
0. 1/if  Ceramic  Capacitor 
1  V/cm  Vertical 
50  Kc/s 

Lower  Trace: 

D.  C.  Leakage  Test 
0. 1  /if  "CUB"  Capacitor 
20  V/cm  Vertical 
200  /is/ cm  Horizontal 


Shot  No.  13 


Shot.No.  14 


Upper  Trace: 

A.  C.  Capacitor  Test 
0.1 /if  Ceramic  Capacitor 
1  V/cm  Vertical 
200  /is/cm  Horizontal 

Lower  Trace: 

D.  C.  Leakage  Test 
0. 1/if  "CUB"  Capacitor 
20  V/cm  Vertical 
200  fis/cm  Horizontal 


Figure  36  -  Constant-Current  A.  C,  Capacitor  Test  and  0.1  /if  "CUB" 
Capacitor  D.C.  Leakage  Data 
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Shot  No.  10 


Lower  Trace; 

D.C.  Leakage  Test 
0. 1  fif  Mica  Capacitor 
10  V/cm  Vertical 
20  ms/cm  Horizontal 

(a) 


Shot  No.  6 


D.C.  Leakage  Test 
6  fif  ”PUt5"  Capacitor 
20  V/cm  Vertical 
20  ms/cm  Horizontal 

(b) 

Figure  37  -  D.C.  Capacitor  Leakage  and  Constant-Current 
A.C.  Capacitor  Test  Data 


Upper  Trace: 

A.C.  Capacitor  Test 
0.1  fii  "CUB"  Capacitor 
20  Vp-p  A.C.  Signal 
50  Kc/s 
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TABLE  9 ' 


CAPACITANCE  EFFECTS  DUE  TO  PULSED  RADIATION 


Percent  Change 

Capacitor  Type  ^  Shot  No.  in  Capacitance  Peak  Gamnm  Rate 

at  Peak  Rate  (r/ sec  x  10®) 


l.O/uf  mylar 

11 

0  ±  15 

0.83 

12 

0  ±  15 

2.06 

0.47/<f  Vitamin  Q 

10 

0  ±  12 

2.06 

Dummy  (6/i  resistor) 

13 

0  ±  11 

1.54 

0.1/^f  "CUB” 

8 

0  ±  3 

4.30 

9 

0  ±  5 

2.93 

10 

0  ±  2 

2.42 

15 

-3.5 

2.75 

16 

Oil 

1.13 

0.01/if  silver-mica 

11 

0  ±  5 

1.12 

12 

•  0  i  0.  5 

2.42 

13 

0  ±  0.  5 

l"21 

14 

0  ±  0.  5 

1.73 
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These  tests  indicate  no  measurable  change-  in  the  dielectric  constant  of  the  capacitor  ma¬ 
terials  tested;  such  changes  could  conceivably  occur  due  to  polarization  or  other  effects  caused 
by  the  presence  of  the  ionizing  radiation. 

Conductivity 

Since  dielectric  constant  changes  were  not  indicated  by  the  A.C  tests,  it  is  assumed  that  the 
conduction  changes  in  the  dielectric  materials  during  the  radiation  pulses  were  entirely  due  to 
conductivity  changes.  Figure  34a  shows  typical  results  for  conductivity  tests  of  type  A  (in  this 
case  for  the  Vitamin  Q  paper).  Figure  38  shows  the  computed  conductivity  values  as  a  fimction 
of  gamma  rate  for  the  Vitamin  Q  paper,  and  Figure  39  shows  the  results  for  mylar.  The  analy¬ 
sis  methods  are  presented  in  the  Analysis  Section  of  this  appendix.  The  rates  quoted  represent 
extrapolations  from  known  dosimeter  positions  to  the  center  position  of  the  test  item  and  do  not 
include  attenuation  of  the  gamma  radiation  by  the  test  fixture  or  secondary  electron  production 
in  the  electrodes.  The  absorption  of  gamma  radiation  in  the  electrodes  would  more  than  com¬ 
pensate  for  any  increases  in  rate  caused  by  production  of  secondary  electrons  in  the  electrode 
material.  There  is  some  non-uniformity  in  the  rates  across  the  test  specimen  due  to  the  varia¬ 
tion  with  distance  from  the  critical  assembly.  The  conductivity  of  the  mylar  and  Vitamin  Q 
paper  returned  to  its  pre -irradiation  value  several  minutes  after  the  radiation  pulse. 

A  study  of  Figure  38  shows  that  the  conductivity  versus  rate  dependence  was  not  changed 
by  prior  irradiation,  electric  field  strength  changes,  or  speciman  thickness  within  the  ranges 
tested  for  the  Vitamin  Q  paper.  All  mylar  specimens  were  tested  imder  identical  conditions 
without  prior  irradiation. 

The  fact  that  the  four-layer  thickness  of  Vitamin  Q  paper  showed  the  same  conductivity 
versus  rate  as  the  two-layer  thickness  indicates  no  appreciable  contribution  to  the  conductivity 
due  to  induced  conductivity  in  the  surrounding  air  during  the  radiation  pulse.  The  air  conduction 
path  and  applied  electric  field  in  the  air  were  essentially  the  same  in  all  cases  (Shots  7,  8  and 
14).  The  absence  of  air  ionization  effects  is  also  indicated  by  the  different  conductivity  versus 
rate  curves  obtained  for  mylar  and  Vitamin  Q  paper  with  equivalent  air  conduction  paths .  An 
absence  of  appreciable  cable  effects  in  Test  A  was  indicated  by  Shot  9  with  the  electrodes  short¬ 
ed  and  0,2  x  10"^  amp  (15  mv)  applied  through  the  20Mn.  limiting  resistor  during  the  radiation 
pulse.  No  signal  was  noted  within  ±  0.5  mv. 

Figure  40  shows  conductivity  versxis  rate  for  the  oil-impregnated  paper  used  in  the  “CUB” 
capacitor.  This  data  was  obtained  from  an  analysis  (Analysis  Section  )  of  the  leakage  curves 
presented  in  Figure  36a,  b,  c.  Considering  the  experimental  and  analysis  errors  possible,  the 
data  from  the  three  tests  show  reasonable  agreement,  indicating  no  measurable  effect  due  to 
prior  irradiation. 

Conductivity  versus  time  for  the  Dykanol  G  oil  of  the  6//  f  oil  capacitor  (Figure  41)  was  ■ 
obtained  (See  Analysis  Section)  from  the  leakage  curves  of  Figure  42a,b.  Again  no  appreciable 
effect  due  to  prior  irradiation  is  noted.  This  material  is  actually  a  heavily  impregnated  paper; 
however,  one  would  expect  a  much  stronger  dependence  of  conductivity  on  the  properties  of 
the  oil  than  with  the  other  oil -impregnated  papers  which  were  tested. 
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Figure  38  -  Conductivity  Versus  Radiation  Rate  —  Sprague  Vitamin  Q 
Impregnated  Paper. 
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CONDUCTIVITY  (c?) 
(OHM/CM)-l  X  10-11 


Figure  40  -  Conductivity  Versus  Radiation  Rate  —  Oil-Impregnated  Paper 
(0. f  Comell-Dublier  "Cub"  capacitor). 
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TIME  (ms) 

Figure  41  -  Conductivity  Versus  Time  After  Radiation  Pulse  —  6. 0/ji  Oil- 
Capacitor  (Dykanol  G  Oil- Impregnated  Paper). 
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upper  Trace; 

D.C.  Leakage  Test 
6  fit  Oil  Capacitor 
20  V/cm  Vertical 
20  ms/cm  Horizontal 

(a) 


Shot  No.  16 

D.C.  Leakage  Test 
6  (it  Oil  Capacitor 
20  V/cm  Vertical 
20  ms/cm  Horizontal 

(b) 

Figure  42  -  D.C.  Leakage  Test  Data — 6  (it  Oil  Capacitor 


V 


Lower  Trace: 

SEMIRAD  Dosimeter 
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DISCUSSION  OF  RESULTS 


Table  10  shows  a  tabulation  of  D.C.  leakage  in  mica,  ceramic,  “PUP,”  and  “CUB”  capa¬ 
citors  during  the  radiation  pulse.  The  data  is  taken  from  curves  such  as  shown  in  Figures  35a, 
36b,  c  and  37a,  b.  The  capacitors  show  an  initial  leakage  at  the  time  of  the  main  radiation  pulse 
with  gradual  leakage  as  the  critical  assembly  “cools”.  An  appreciable  gamma  rate  exists  for 
some  time  after  the  main  pulse,  although  the  rate  has  not  been  accurately  determined.  The  j 
times  over  which  the  leakage  changes  in  Table  10  were  taken  were  somewhat  arbitrarily  choseh, 
however  they  indicate  that  the  solid  dielectrics  show  similar  response  to  the  dielectric  pulse. 
These  results  and  the  calculated  conductivity  vs.  rate  curves  show  that  the  conductivity  follow^ 
the  radiation  pulse.  The  carrier  lifetimes  for  the  radiation-generated  carriers  are  much  shorter 
than  the  radiation  pulse  so  that  recombination  occurs  instantly,  relatively  speaking.  This  a- 
grees  with  the  discussions  by  Fowler  (Ref.  25)  who  states  that  carrier  lifetimes  in  most  di¬ 
electric  materials  are  ~10“®  sec. 

The  conductivity  of  the  Vitamin  Q  paper,  mylar,  and  “CUB”  oil-impregnated  paper  is  found 
to  obey  the  relation: 

cr-v  <p^ 

where;  <r  -  conductivity 

^  ■  gamma  radiation  rate 

It  is  found  that  0.7  ±  .1  for  the  Vitamin  Q  paper,  0.93  ±  0.15  for  the  mylar  and  1.1  ±  .3 
for  the  “CUB”  oil-impregnated  paper.  The  more  inaccurate  points,  at  the  lower  and  upper  ends 
of  the  curves  in  Figures  38,  39  and  40,  are  due  to  difficulty  in  reading  the  data  at  low  rates  and 
dosimetry  error  at  high  rates.  The  conductivity  induced  by  steady  gamma  irradiation  rates  up 
to  10^  r/sec  has  been  found  to  follow  a  similar  relationship  with  A  -  0.5  to  1.0  for  most  dielec¬ 
tric  materials  (Ref.  21,  22,  23  and  25).  Fowler  (Ref.  25)  quotes  a  value  of  A=  0.83  for' equilibrium 
conductivity  in  mylar  when  irradiated  at  steady  X-ray  rates.  Extrapolation  of  Fowler’s  X-irra- 
dlation  data  for  polyethylene  yields  conductivity  values  in  the  range  10“^  to  10"^^  (ohm-cm)“^ 
for  rates  in  the  range  10®  to  lo'^  r/sec  withA-  0.75.  Extrapolation  of  the  conductivity  curves  pre¬ 
sented  here  to  very  low  rates  yields  conductivity  values  approaching  those  without  radiation. 
Hence,  there  is  at  least  semi-quantitative  agreement  of  these  results  with  conductivity  data 
taken  at  much  lower  gamma  and  X-ray  steady  radiation  rates. 

Fowler  (Ref.  25)  proposes  mechanisms  and  theories  for  radiation-induced  conductivity  and 
trapping  in  dielectric  materials.  His  theory  agrees  well  with  results  obtained  with  X-radiation. 

He  states  that  the  induced-conductivity  arises  mainly  from  the  secondary  (not  primary)  electrons 
produced  by  the  radiation  in  the  dielectric  materials.  These  electrons  drift  in  the  presence  of  an 
electric  field,  thereby  increasing  the  material  conductivity.  There  is  no  reason  to  believe  that 
material  conductivities  would  not  obey  Fowler’s  theory  at  hi^er  radiation  rates  until  satura¬ 
tion  effects,  such  as  space  charge  or  other  effects,  occur.  Hence  one  would  expect  the  results 
at  low  rates  to  extrapolate  to  the  high  rates  used  here.  Experiments  at  low,  steady  radiation 
rates  (Ref.  19,  23,  24  and  25)  have  shown  a  slow  asymptotic  rise  in  conductivity  after  an  initial 
large  change  when  the  radiation  level  is  maintained  for  minutes  or  hours.  This  change  would  not 
be  noted  for  the  short  irradiation  times  noted  here,  so  that  slightly  lower  conductivities  would 
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TABLE  10 


D.  C.  LEAKAGE  EFFECTS  IN  SOLID  DIELECTHIC  CAPACITORS 


Capacitor 

Type 

Shot  No. 

Initial  Voltage 
Cliange 
(%  of  original) 

Total  Change 

After  100  ms 
(%  of  original) 

Peak 

Gamma  Rate 
(r/ sec  X  10®) 

1.0  yUf  "PUP" 

6 

-0.7 

-1.8  . 

1.21 

7 

-0  .  5 

-1.6 

0.69 

Q.ljui  "CUB" 

12 

<-  .9 

<-  .9 

2.42 

! 

13 

-11 

<-11 

1.21 

* 

14 

-12 

<-13 

1.73 

1  0. 01  ju  f  silver  mica 

9 

-0.6 

<-0.6 

2.93 

10 

-0.4 

-0.9 

2. 42 

J  0. 01  yuf  ceramic 

15 

-0.  4 

<-0.6 

2.75 

I 

I 

I 

I 
1 

II 
I 
I 
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be  expected  than  those  extrapolated  from  low,  constant  rates  where  saturation  was  reached. 

This  “build-up”  does  not  have  time  to  occur  with  the  short  radiation  pulses  .  At  very  short  ir¬ 
radiation  times,  one  would  expect  decreases  in  the  conductivity  levels  attained  at  given  rates 
and  decay  of  conductivity  after  the  radiation  pulse  associated  with  the  carrier  lifetime  in  the 
dielectric  material. 

The  time  response  of  the  Dykanol  G  oil  conductivity  (Figure  41)  shows  a  large  rise  at  the 
time  of  the  radiation  pulse,  decaying  exponentially  with  a  time  constant  of  40  to  45  ms  after 
Initial  “cooling”  of  the  critical  assembly.  The  conductivity  does  not  follow  the  radiation  pulse 
as  with  the  “solid”  dielectric  materials.  The  conduction  properties  of  this  heavlly-oll-impreg- 
nated  paper  apparently  depend  largely  on  the  properties  of  the  oil.  This  exponential  behavior 
could  arise  from  one  of  the  following  causes: 

1.  A  trapping  mechanism  for  induced  carriers  in  the  dielectric  material  with  a  time  con¬ 
stant  of  40  to  45  ms. 

2.  A  small  increase  in  capacitance  (  or  dielectric  constant)  causing  a  long  time  constant. 
Since  the  leakage  resistance  across  the  oil  capacitor  did  not  appear  to  reach  a  very  low  value 
during  the  burst,  a  long  time  would  be  required  for  readjustment  of  charge  after  the  capacitance 
change.  The  A.C.  capacitance  test  was  not  performed  for  the  6/if  oil  capacitor. 

The  latter  case  seems  more  probable;  a  capacitance  change  might  occur  due  to  polar¬ 
ization  effects  in  the  oil.  The  40  to  45  ms  time  constant  is  rather  long  for  trapping  phenomena 
which  could  cause  the  effects  noted  here. 

Table  11  shows  minimum  leakage  resistance  values  in  the  “CUB”  “PUP,”  mica  and  ceramic 
capacitors.  The  values  for  the  “PUP,”  mica  and  ceramic  are  approximations  based  on  values 
for  the  “CUB”  capacitor  and  utilizing  the  boltage  change  and  peak  rate  data  of  Table  10  as 
adjustment  factors.  It  is  difficult  to  compare  these  capacitors,  since  the  minimmn  leakage  re¬ 
sistance  depends  on  capacitor  geometry  and  original  leakage  resistance  as  well  as  the  behavior 
of  the  dielectric  conductivity  during  radiation. 

Values  of  minimum  resistance  in  a  O.Ql/xf,  400  VDC  Sprague  Vitamin  Q  capacitor  have 
been  calculated  from  the  capacitor  geometry  and  extrapolated  data  from  Figure  38  (see  Analy¬ 
sis  Section  ).  These  values  are  compared  with  leakage  values  obtained  for  0.01// f  Sprague  Vita¬ 
min  Q  capacitors  by  International  Business  Machines  Corp.  at  the  Godiva  n  facility  (Ref.  27  and 
28)  as  follows: 


Gamma  Rate 

Calculated 

Measured  (IBM) 

(Roentgen/sec  x  10®) 

(KH) 

(K/l) 

10 

266 

65.2 

7.4 

327 

399 

4.0 

506 

261 

The  difference  between  calculated  and  measured  values  can  be  explained  largely  by  capa¬ 
citor  manufacturing  variations  and  dosimetry  imcertainties. 
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TABLE  11 


MINIMUM  D.C.  LEAKAGE  RESISTANCE  IN  SOLID  DIELECTRIC  CAPACITORS 

Minimum  Maximum  Gamma 


Capacitor  Type  Shot  No. 


0.1//f"CUB"  13 

14 

0. Ol^f  ceramic  15 

lJ0//f"PUP"  ,  6 

7 

0. 01// f  silver  mica  9 

10 


*  Approximate  values^ 


Resistance  Rate  (r/sec)  x  10® 

(KCt) 


47- 

1,21 

36 

1.73 

6200* 

2.75 

770* 

1.21 

2000 

0 . 69 

2900* 

2.93 

7100* 

2.42 
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ANALYSIS 


The  ideal  parallel-plate  geometry  has  been  utilized  in  all  analyses  concerning  capacitor 
leakage  I’esistance  and  conductivity  in  the  dielectric  materials.  Fringing  effects  are  considered 
negligible  for  the  small  dielectric  thicknesses  involved.  The  following  equation  was  utilized; 


where;  (T 
d 
A 
R 


RA 

=  conductivity  =  (ohm-cm)“^ 
=  thickness  =  cm 
=  area  =  cm^ 

=  resistance  =  ohms 


ANALYSIS  OF  TEST  A 


Values  for  the  test  parameters  and  data  were  used  in  equation  (4)  with; 


R 


where;  E  = 


applied  high  voltage  (volts) 
measured  voltage  across  R^  (volts) 
75n  terminating  resistance 
area  of  upper  electrode  =  5,06  cm^ 


ANALYSIS  OF  TEST  B 


The  capacitor  leakage  curves  (Figure  36  and  Figure  42)  were  re-plotted.  Resistance  values 
were  determined  from  the  equation; 


R 

where;  I 
E 

dQ 

dt 

dE 

dt 


E  _  E  _  E 

I  dQ/dt  “  dE 

dt 

current  at  voltage  E 

measured  voltage  from  data 

time  rate  of  change  of  capacitor  charge  »  I 

time  rate  of  change  of  voltage  at  the  voltage  E.  (Slope  at  E) 
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C  =  capacitance  of  test  specimen 

These  resistance  values  were  then  used  in  equation  (4)  to  determine  conductivity „ 

COMPUTATION  OF  LEAK;AGE  RESISTANCE  FOR  COMPARISON  WITH  IBM  DATA 

Equation  (4)  was  solved  for  R.  Values  ofcr  were  taken  from  an  extrapolation  of  Figure  38 
at  the  appropriate  radiation  rates . 

MEASURED  VALUES  OF  CAPACITOR  GEOMETRY 


The  following  values  of  capacitor  plate  area  and  dielectric  material  thickness  were  meas 
ured  for  use  in  the  analyses  given  above: 


Capacitor 


A 

(cm2) 


d 

(cm) 


6/<f  Oil  1.67  X  10^ 

0.1;Uf“CUB”  363 

0,01//f  Vitamin  Q  24.4 


3.3  X  10"^ 
2.29  X  10“^ 
2.29  X  10"3 


WADD  TN  61-8,  Pt  I 


113 


CONCLUSIONS 


The  following  conclusions  are  noted  from  the  results  of  these  experiments: 

1.  The  electric  strength  of  Vitamin  Q  impregnated  paper  is  unaffected  within  -25  percent 
for  pulsed  gamma  rates  up  to  2.8  x  10®  r/seo. 

2.  “CUB,”  “PUP,”  ceramic  disk,  silver-mica,  and  Dykanol  G  oil  cap-’  tors  exhibit  no 
electric  breakdown  at  rated  voltage  during  gamma  radiation  rates  up  to  3  x  10®  r/sec, 

3.  Mylar,  Vitamin  Q  impregnated  paper,  “CUB”  oil-impregnated  paper,  “PUP”  wax- 
impregnated  paper-,-inica,  ceramic,  and  Dykanol  G  oil  exhibit  no  dielectric  constant  changes 
(capacitance  effects)  within  the  sensitivity  of  these  e3q)eriments  at  gamma  rates  up  to  4.3  x  10® 
r/sec. 

4.  The  conductivity  of  mylar,  Vitamin  Q  impregnated  paper,  and  “CUB”  oil-impregnated 
paper  is  proportional  to  0^{0  =  gamma  rate)  for  3  x  10^  to‘  5  x  10®  r/sec  where  A-  0.7 ±.l 
for  Vitamin  Q  paper,  0.93  ±  .15  for  mylar,  and  1.1  ±  .3  for  “CUB”  paper.  Conductivity  varia¬ 
tion  with  pulsed  gamma  rate  is  consistent  with  data  taken  at  steady  gamma  rates  up  to  103  r/sec. 

5.  The  radiation-induced  conductivity  of  Vitamin  Q  impregnated  paper  does  not  vary 
appreciably  with  specimen  thickness  or  applied  electric  field  within  the  ranges  tested, 

6.  The  conductivity  of  “PUP”  wax-impregnated  paper,  mica,  and  ceramic  follows  the 
radiation  pulse  as  for  the  materials  listed  in  (4)  above.  Carrier  lifetimes  much  shorter  than 
the  pulse  duration  are  indicated. 

7.  Capacitor  leakage  test  data  can  be  used  effectively  to  determine  radiation  effects  on 
dielectric  material  conductivity,  and  conductivity  data  for  materials  can  be  used  to  predict 
capacitor  leakage  during  a  radiation  pulse, 

8.  Prior  irradiation  appears  to  have  no  effect  on  the  transient  radiation  behavior  of  di¬ 
electric  materials  for  prior  irradiation  up  to  3,5  x  10l3  nvt. 
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RECOMMENDATIONS 


The  following  recommendations  are  made  for  future  effort: 

1.  More  sensitive  measurements  of  capacitance  or  dielectric  constant  during  radiation 
should  be  performed  for  a  variety  of  solid  and  liquid  materials.  Bridge  or  frequency  measure¬ 
ment  techniques  are  recommended., Theory  should  be  developed  for  any  observed  changes. 

2.  Dielectric  materials  and  capacitors  should  be  checked  for  generation  of  emf  during 
radiation.  Theory  should  be  developed  for  any  observed  changes. 

3.  A  detailed  study  should  be  performed  on  several  classes  of  dielectric  materials  to 
determine  the  effect  of  radiation  on  electric  strength.  Sufficient  data  should  be  obtained  for 
good  measurement  statistics.  Any  observed  effects  should  be  developed  theoretically, 

4.  Conductivity  vs.  gamma  rate  should  be  determined  for  a  wider  range  of  materials; 
recovery  after  radiation  pulse  should  be  noted,  with  appropriate  extension  of  the  dosimetry. 
Liquid  dielectrics  should  be  Included. 

5.  Quantitative  correlation  should  be  developed  between  conductivity  values  taken  at  high, 
pulsed  rates  and  low,  constant  rates.  The  theory  and  mechanisms  developed  for  low  rates 
should  be  extended  to  high  levels . 

6.  Short  radiation  pulses  (<  1/Us)  of  var)dng  width  should  be  used  in  order  to  determine 
conductivity  build-up  and  carrier  lifetime  limitations  in  dielectric  materials. 

7.  The  applied  field  and  thickness  dependence  of  radiation  effects  on  conductivity  in 
dielectric  materials  should  be  checked  over  a  wider  range  of  variation. 
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APPENDIX  IV 


TRANSIENT  RADIATION  INDUCED 
SPARK  GAP  BREAKDOWN  IN  AIR 


by 


Richard  H.  Dickhaut 
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INTRODUCTION 


Relatively  little  information  has  been  obtained  on  the  problem  of  high  voltage  breakdown 
in  gaseous  dielectrics  in  an  extreme  radiation  environment.  Unpublished  data  from  an  explo¬ 
ratory  test  by  the  Sandia  Corporation  {Ref.  32),  conducted  at  Godiva  with  conventional  spark 
gaps,  indicated  that  a  decrease  in  breakdown  voltage  on  the  order  of  50  to  60  percent  could  be 
expected  for  a  0.109  inch  gap  in  nitrogen  between  pressures  of  15  and  55  cm  Hg  in  a  radiation 
environment  of  lO’^  r/sec.  General  Electric  (Ref.  33)  conducted  a  study  at  10^  r/sec  in  air 
with  nickel  spark  plug  electrodes.  They  reported  the  results  as  a  function  of  voltage,  tem¬ 
perature,  and  pressure  for  a  1/16  inch  gap.  At  100°C  and  130°C  the  decrease  in  breakdown 
voltage  varied  from  10  to  20  percent  as  the  pressure  was  increased  from  2.5  mm  Hg  to  760 
mm  Hg.  At  lOO^C,  over  the  same  range  in  pressure,  there  appeared  to  be  a  constant  decrease 
in  voltage  of  about  16  percent  as  the  pressure  was  increased. 

Other  investigations  have  been  carried  out  using  radium  and  ultraviolet  illumination  for 
radiation  sources.  The  most  recent  of  these,  an  investigation  performed  by  Allen  and  Phillips 
(Ref.  34),  used  0.1  mgm  of  radium  in  a  nickel  pellet  situated  behind  the  cathode  in  one  case, 
and  30  cm  away  from  the  gap  in  a  second  case.  Results  were  reported  for  weak  irradiation 
(radium  30  cm  away)  in  a  comparison  between  the  performance  of  spheres  and  plane  elec¬ 
trodes  in  nitrogen  at  760  mm  Hg  pressure.  The  unirradiated  breakdown  voltage  of  a  uniform 
field  gap  on  one  cm  was  about  two  percent  less  than  for  the  same  spacing  between  five  cm 
spheres.  The  separation  of  the  shperes  was  then  reduced  to  0,975  cm  so  that  both  gaps  broke 
down  at  the  same  voltage.  The  gaps  were  then  connected  in  parallel  and  placed  so  that  the  ra¬ 
dium  was  30  cm  from  both.  The  result  was  that  the  apparent  reduction  of  the  breakdown  volt¬ 
age  was  only  about  0.1  percent  for  the  uniform  field,  but  it  was  about  one  percent  for  the 
spheres.  Rogowski  and  Wallraff  (Ref,  35)  found  that  a  current  density  of  5  x  lO"^^  amps/cm^ 
in  a  spark  gap,  produced  by  radiation,  would  reduce  the  minimum  breakdown  voltage  of  about 
0.5  percent  for  a  gap  of  1.5  cm  between  spheres  at  atmospheric  pressure. 

Further  investigations  (Ref.  36,  37,  38  and  39)  have  been  made  using  ultraviolet  illumi¬ 
nation  and  results  have  indicated  lowering  of  the  breakdown  potential  by  as  much  as  20  percent, 
depending  on  intensity.  Comparison  of  all  the  available  data  failed  to  give  either  an  adequate 
or  comprehensive  picture  of  high  voltage  breakdown  as  a  function  of  electrode  separation, 
electrode  geometry,  or  radiation  rate  in  an  extreme  radiation  environment. 
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PURPOSE 


The  purpose  of  this  first  investigation  was  to  determine  the  effect  of  nuclear  radiation 
on  the  minimum  breakdown  potential  for  spark  gaps  in  air  as  a  function  of  electrode  separa¬ 
tion  and  radiation  rate  for  spherical  geometry  and  a  standard  pressure.  Within  the  ranges 
studied,  this  would  provide  the  capability  of  predicting  breakdown  as  functions  of  the  above- 
named  parameters. 

The  work  was  started  June  23  and  completed  June  30 .  It  was  done  at  the  Kukla  facility 
of  the  University  of  California  Radiation  Laboratory  at  Livermore,"  California. 
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DESCRIPTION  OF  TEST 


TEST  SPECIMEN 

The  geometry  of  the  electrodes  to  be  tested  consisted  of  spheres  opposing  spheres^  Pre¬ 
cision  ball  bearings  of  one-half  inch  diameter  %vere  used  as  the  electrodes.  The  bearings  were 
modified  so  as  to  be  interchangeable  mth  other  types  of  electrodes  on  a  supporting  shaft  and 
were  thoroughly  cleaned  and  polished.  The  groimd  electrode  of  each  spark  gap  was  moxmted 
on  the  shaft  of  a  micrometer,  which  allowed  setting  of  the  gap  to  within  0.0061  inch.  The  hi^ 
voltage  electrode  w'as  mounted  on  a  ceramic  hi^  voltage  feed-through  insulator.  Four  pairs  of 
electrodes  were  mounted  equally  spaced  within  a  3/16  inch  wall  ahmiinum  box  with  light 
shielding  between  each  pair  of  electrodes.  The  box  was  curved  to  conform  with  the  radius  of 
the  screen  on  Kxakla  and  was  designed  to  take  up  one-third  of  the  circumference.  Figure  43 
shows  the  completed  assembly.  Figure  44  shows  the  box  with  the  top  cover  and  electrodes  re¬ 
moved,  A  “T”  type  pressure  fitting  was  connected  to  one  side  of  the  box;  one  side  of  the  fit¬ 
ting  was  used  for  pressirre  control;  the  other  side  served  as  an  entry  for  one  end  of  a  copper- 
constantan  thermocouple, 

TEST  SET-UP 

Figure  45  show's  the  general  arrangement  of  the  spark  gap  assembly  mounted  for  testing 
at  Kukla. 

Air  pressure  within  the  assembly  was  controlled  by  means  of  a  pressure  regulator,  gauge, 
and  compressed  air  bottle,  located  in  the  West  Vault.  The  pressure  w'as  regulated  to  within 
0.1  pound. 

The  temperature  of  the  assembly  was  mordtored  with  the  copper-constantan  thermocouple, 
A  sm.all  thermos  containing  water  and  ice  was  located  in  the  West  Vault  and  used  as  the  cold 
junction  reference.  The  thermocouple  leads  were  connected  throu^  the  cable  panel  to  a  Wheel- 
co  potentiometer  located  in  the  trailer. 

A  signal  isolation  and  high  voltage  distribution  panel  for  the  spark  gap  assembly  w'as  lo¬ 
cated  behind  lead  bricks  about  seven  feet  from  the  Kukla  assembly.  RG-17/U  coaxial  cable 
was  used  to  carry  the  high  voltage  from  the  trailer  to  the  panel  and  RG-ll/U  coaxial  cables 
carried  the  signal  information  from  the  panel  back  to  the  trailer.  The  remainder  of  the  elec¬ 
tronics  required  w'as  located  in  the  trailer. 

TEST  CIRCUITRY 

Figure  46  is  an  overall  block  diagram  of  the  electronic  circuitry.  Each  spark  gap  w'as 
charged  through  4.4  x  10^  ohms  resistance  (Figure  47).  This  size  resistance  w'as  chosen 
to  make  the  charging  time  long  compared  to  the  Kukla  pulse  and  prevented  repetitive  firing  of 
a  gap  during  the  pulse.  Each  spark  gap  circuit  contained  a  O.OOOo/xf,  20  KV  hi^  voltage  iso¬ 
lation  capacitor  and  a  100  ohm  load  resistor.  The  signals  developed  across  each  100  ohm  re¬ 
sistor  during  gap  discharge  were  fed  through  shaping  networks  (Figure  48), 
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Figure  44  -  laternal  View  of  Sparkgap-  Assembly 
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Figure  45  -  The  Sparkgap  Assembly  as 
Positioned  Near  the  Kukia  Reactor 
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EQUIPMENT  IN  TRAILER  I  EQUIPMENT  IN  WEST  VAULT 
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Figure  46  -  Block  Diagram  of  Electronic  Circuitry, 


WADD  TN  61-8,  Pt  I 


129 


Each  shaping  network  differed  slightly  in  the  amplitude  and  decay  of  its  output  pulse.  The 
outputs  of  the  shaping  network  fed  through  an  isolation  and  mixing  circuit  (Figure  49)  to  one 
channel  of  a  Tektronix  type  551  dual  beam  oscilloscope.  The  Tektronix  was  set  for  external 
triggering  by  a  pulse  available  from  the  Kukla  assembly  on  the  rise  of  the  radiation  pulse. 
Figure  50a,  50b,  51a,  and  51b  are  typical  of  the  data  obtained,  w'here  the  spark  gap  data  appears 
on  the  upper  trace.  The  time  at  which  a  gap  fired  and  its  identity  can  be  determined  from  the 
trace.  A  comparison  of  firing  time  and  dosimetry  data  allowed  correlation  of  firing  voltage, 
gap  width,  and  radiation  rate. 

TEST  PROCEDURE 

The  voltage  was  monitored  before,  during,  and  just  after  each  burst.  The  voltage  and  mic¬ 
rometer  readings  were  prescribed  for  each  burst  as  indicated  in  Table  12,  Tabulation  of  Data. 
The  temperature  w’as  monitored  before  and  just  after  each  burst. 

When  the  vault  was  opened  between  bursts,  the  stand  was  pulled  back  to  a  convenient  work¬ 
ing  location  where  the  micrometers  were  set  to  the  newly  prescribed  values,  the  sulfur  pellets 
were  changed  on  the  stand,  and  the  Sigoloff  detector  was  changed  on  the  end  of  the  spark  gap 
assembly.  The  stand  was  then  pushed  back  into  place  near  the  assembly  and  a  measurement 
was  taken  of  the  distance  from  the  screen  to  the  specimen.  In  those  instances  where  the  mic¬ 
rometer  settings  were  the  same  from  one  burst  to  another,  the  stand  was  not  moved,  and  the 
sulfur  pellets  and  the  Sigoloff  detector  were  changed  at  the  location  of  the  stand. 
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Times  When 
Sparkgaps 
Fired  . 


Kukla  Burst  No.  4 

Upper  Trace:  Spark  Gap 

Lower  Trace:  Semirad 

Sweep  Speed:  0.1  msec/cm 

Voltage  on  Gaps:  4580V 
Gi^J  Settings:  0.042” 

0.045" 

0.048" 

0.051” 


Times  When 

Sparksg£^s 

Fired 


Kukla  Burst  No.  7 

Upper  Trace:  Spark  Gap 

Lower  Trace:  Semirad 

Sweep  Speed:  150  usec/cm 

Voltage  on  Gaps:  7650V 
Gap  Settings:  0.0735" 

0.079" 

0. 084" 

0.089" 


Figure  50  -  Sample  Oscilloscope  Traces  Showing  Times 
When  Sparkgaps  Fired  (Burst  4  and  7) 
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I 


Upper  Trace: 
Lower  Trace: 
Sweep  Speed: 
Voltage  on  Gaps: 
Gap  Settings: 


Spark  Gap 
Semirad 
150  usec/cm 
■  10, 200 
0.  104" 

0.  108" 

0.  112" 

0.  116" 


Times  When 
Sparkgaps  Fired 


Kukla  Burst  No,  8 


Upper  Trace: 
Lower  Trace; 
•Sweep  Speed: 
Voltage  on  Gaps; 
Gap  Settings: 


Spark  Gap 
Semirad 
150  usec/cm 
10,200 
0.104" 
0.108" 
0.112" 
0.116" 


Figure  51  -  Sample  Oscilloscope  Traces  Showing  Times 
When  Sparkgaps  Fired. (Burst  8  and  9) 
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TABLE  12 


TABULATION  OF  DATA 


Electrode  geometry  -  spherical 
Air  pressure  -  14. 7  psi 


Voltage  normalized  to  23°C 


Burst  No. 

Spark  Gap  No. 

Gap  Setting 
(in  inches) 

Voltage 
on  all  gaps 

Firing  Rate 
in  r/sec 

X  10“4 

Peak  Rate  in  r/sec 
■  at  first  gap  not 
fired  -  x  lO"® 

1-3 

no  data  -  equipment  trouble 

1 

1  ....  ..  _ 

4 

1 

0.297 

2 

7.9 

3 

f 

— 

1.89 

4 

0.051 

4580 

5 

1 

0.0735 

7665 

— 

2 

0.079 

— 

3 

0.084 

— 

4 

0.089 

7665 

—  — 

6 

1 

0.0735 

7665 

2.29 

2 

0.079 

> 

— 

0.770 

3 

0,084 

■ 

— 

4 

0.089 

7€ 

.65 

_ 

— 

7 

1 

0.0735 

7650 

1.155 

2 

0.079 

j 

5  r45 

3 

0.084  1 

I 

< 

— 

1.77 

4 

0.089  i 

_ 

7650 

— 

8 

1  ( 

0.104 

102 

1.855 

2 

0.108  1 

3 

0.112  1 

4 

0.116 

102 

■1 

— 

1.07 

9 

1 

0.104 

102 

!00 

1.96 

2 

0,108  1 

3.13 

3 

0.112 

1 

13.35 

4 

1 

0.116 

10200 

-  ■  ■ 

O.9O0'-' 
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Table  12  Continued 


Burst  No. 

Spark  Gap  No. 

Gap  Setting 
(in  inches) 

Voltage 
on  all  gaps 

Firing  Rate 
in  r/sec 

X  10  "4 

Peak  Rate  in  r/ sec 
at  first  gap  not 
fired  -  x  10  "0 

10 

1 

.  0.088 

88 

.80 

0.391 

2 

1,245 

3 

0.095 

5. 15 

4 

0.099 

88 

'80 

0.500 

11 

1 

8880 

0.299 

2 

0.092 

0,43 

3 

0.095 

4.01 

4 

0.099 

8880 

— 

1.12 

12 

1 

5610 

2 

4,3. 

3 

0.055 

4 

56 

10 

13 

1 

0.052 

56 

0.0842 

2 

0.054 

0.503 

3 

0.055 

3.86 

4 

56 

_ 

0.819 

14 

1 

0.0208 

25 

00 

2 

0.0214 

— 

3 

0.022 

. 

4 

0.0226 

25 

m 

— 

- 

15 

1 

0 . 042 

45 

90 

18.4 

*  •  2 

0.043 

— 

0.456 

3 

0.044 

— 

4 

0.045 

4^ 

^0 

__ 
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TEST  RESULTS  AND  DISCUSSION 


TEST  RESULTS 

The  technical  data  collected  in  the  test  are  shown  in  Table  i'2„  All  data  points  were  taken 
at  14o7  PSIA  and  normalized  to  a  temperature  of  23°C.  The  gamma  radiation  rate,  indicated 
in  the  table,  at  which  each  spark  gap  brbke  down  was  calculated  from  photodiode  information. 
{See  Appendix  11  on  Dosimetry)  , 

The  data  were  first  plotted  in  terms  of  r/sec  versus  gap  separation  for  various  gap  volt¬ 
ages  (Figure  52).  The  curves  obtained  were  extrapolated  beyond  the  last  gap  which  broke  down, 
to  give  an  indication  of  what  might  happen  at  higher  rates.  In  order  to  aid  rn-the^xtrapolation, 
the  peak  rate  data  for  the  next  largest  gap  separation  which  did  not  break  down  was  plotted. 
Since  a  higher  peak  rate  than  was  available  at  the  gap  would  be  necessary  to  cause  the  gap  to 
break  down,  the  extrapolation  would  have  to  pass  to  the  left  of  the  point  in  question. 

The  results  of  the  above  graphs  were  cross-plotted  at  constant  radiation  rate  to  obtain 
curves  of  breakdown  voltage  versus  gap  separation.  This  information  is  shown  in  Figure  53. 
Curve  I  of  Figure  53  represents  the  breakdown  potential  as  a  function  of  electrode  separation 
in  the  absence  of  radiation.  This  curve  is  corrected  from  STP  conditions  to  23°C.  Curve  II 
indicates  a  decrease  in  breakdown  potential,  over  the  range  of  voltage  considered,  of  about 
5.68  percent  for  any  given  gap  separation  at  a  rate  of  2x  104  r/sec.  Curve  III  indicates  de¬ 
crease  in  breakdown  potential  of  8.9  percent  at  10’^  r/ sec.  Curves  IV  and  V  represent  the  re¬ 
sults  of  extrapolating  to  higher  rates  and  indicate  decreases  in  breakdown  potential  of  11.75 
percent  .for  8  x  10®  r/sec  and  14,2  percent  for  2  x  lo"^  r/sec  respectively.  The  portions  of 
Curves  II  through  V  below  4  KV  were  extrapolated  from  the  data  in  the  higher  voltage  region. 
One  experiment, in  the  region  below  4  KV  yielded  negative  results  and  because  of  the  limited 
number  of  bursts  available  no  further  exploration  of  this  region  was  possible. 

Figure  54  illustrates  most  clearly  what  can  be  expected  in  the  way  of  percentage  change 
as  the  radiation  rate  increases.  The  trend  of  the  curve  indicates  a  decreasing  percentage 
change  for  each  higher  decade  of  radiation  rate.  Thus  for  a  15  percent  reduction  in  breakdown 
potential,  a  rate  of^lO®  r/sec  is  indicated. 

DISCUSSION  OF  RESULTS 

An  attempt  can  be  made  to  explain  the  observed  results  on  the  basis  of  positive  space 
charge  buildup,  time  lag,  and  geometric  considerations.  Measurements  reported  in  the  lit¬ 
erature  (Ref.  40)  show  that  time  lags  in  air  for  a  given  electrode  separation  and  pressure 
increase  continuously  and  smoothly  as  the  percent  over-voltage  decreases  from  two  percent  to 
very  low  values  (i.e.  as  the  field  strength  becomes  less  supercritical)-.  The  existence  of  long 
time  lags  (on  the  order  of  microseconds)  at  low  percent  overvoltages  indicates  that  the  motion 
of  positive  ions  plays  an  important  role  in  the  breakdown  process  and  the  steady  increase 
in  time  lags  indicates  that  the  role  of  the  positive  ions  increases  in  importance  as  the  field 
strength  is  decreased.  Indeed,  the  role  of  the  positive  ions  in  producing  breakdown  is  assur- 
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ed  in  that  the  positive  ions  aid  the  breakdown  process  by  producing  a  distorted  field  in  the 
gap  due  to  space  charge  buildup  (Ref„  41  and  42) , 

The  present  experiment  had  gaps  with  subcritical  field  strengths  approaching  ten  percent 
in  some  cases„  It  is  suggested  that  the  phenomenon  observed  in  a  radiation  field  is  precipitat¬ 
ed  by  a  greatly  enhanced  case  of  space  charge  buildup  resulting  primarily  from  Compton 
scattering  in  the  gas„  The  distortion  of  the  field  in  the  gap,  due  to  the  increasing  space  charge 
buildup,  then  ultimately  leads  to  a  critical  field  at  which  time  the  gap  breaks  down. 

Further,  it  is  expected  that  the  formative  time  lag  is  at  least  as  long  as,, if  not  longer 
than,  in  the  case  of  low  overvoltage  in  the  absence  of  radiation.  As  the  positive  ions  move 
toward  the  cathode,  the  field  strength  in  the  cathode  region  increases  more  and  more  rapidly 
with  time.  In  the  absence  of  a  critical  field  when  the  first  avalanche  crosses  the  gap,  it  is 
possible  that  this  and  subsequent  avalanches  may  supply  a  sufficient  number  of  ions  to  produce 
a  critical  charge  density;  hence  a  critical  field  strength,  in  which  the  avalanche  is  born  which 
will  initiate  breakdown.  This  type  of  mechanism  could  involve  times  corresponding  to  many 
positive-ion  transit  times  before  the  gap  breaks  down. 

Finally,  a  non-linear  field  strength  between  spherical  electrodes  yields  larger  regions 
in  the  gap  which  have  sufficiently  high  field  strengths  to  support  ionization  growth  (Ref.  34), 

It  is  therefore  expected  that  homogeneous  field  electrodes  would  yield  a  smaller  percentage 
change  in  voltage  for  a  given  radiation  rate  than  would  spherical  electrodes.  Conversely, 
geometries  which  would  give  greater  non-linearities  in  field  strength  than  would  spheres, 
might  be  expected  to  give  greater  voltage  differences  for  a  given  rate.  These  ideas  must 
be  borne  in  mind  when  comparing  the  results  of  the  present  experiment  to  those  in  Ref.  32  and 
33.  In  each  of  those  cases  conventional  spark  gaps  having  sharp  edges  were  used,  which,  by  the 
account  above,  would  indicate  that  a  larger  voltage  change  could  be  expected  than  in  the  case 
of  spherical  electrodes.  In  addition,  the  study  referred  to  in  Ref.  32  utilized  nitrogen  gas, 
which  involves  an  additional  consideration  in  making  an  analysis. 
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RADIATION  RATE  (r/sec) 


ELECTRODE  SEPARATION  (inched 
Figure  52  -  Plot  of  Actual  Data  Points  Obtained  From  Table  12. 
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KILOVOLTS 


.01  .02  .03  .04  .05  .10  .2 

ELECTRODE  SEPARATION  (inches) 

Figure  53  -  The  Breakdown  Potential  of  Spherical  Electrodes  for  Several 
Radiation  Rates. 
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Figure  54  -  Percent  Reduction  of  Breakdown  Potential  Versus  Radiation  Rate, 


CONCLUSIONS 


The  experiment  has  provided  the  capability  of  predicting  high  voltage  breakdown  in  air  as 
a  function  of  electrode  spacing  and  radiation  rate  for  spherical  geometry  and  a  standard  pres¬ 
sure.  Further,  indications  have  been  given  of  what  can  be  expected  for  higher  rates  than  were 
obtained  in  the  present  experiment.  One  of  the  most  noticeable  indications  is  that  a  decreasing 
percentage  change  is  expected  for  each  increasing  decade  in  radiation  rate,  so  that  a  reduction 
in  breakdown  potential  of  15  percent  would  require  a  rate  similar  to  10®  r/sec.  Finally,  a 
qualitative  analysis  of  the  phenomenon  has  been  given  in  terms  of  space  charge  buildup,  forma¬ 
tive  time  lags,  and  geometrical  considerations. 
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RECOMMENDATIONS 


Further  experimentation  is  needed  before  a  comprehensive  picture  of  high  voltage  break¬ 
down  in  intense  radiation  fields  can  be  given.  Specifically  needed  are  ejqjeriments  performed 
at  higher  rates;  and  experiments  performed  as  functions  of  other  electrode  geometries,  of, 
pressure,  and  of  different  gases.  Experimentation  should  also  be  included  which  would  assess 
the  contribution  of  preferential  Compton  scattering  and  of  photoelectric  emission  from  the 
cathode.  In  a  somewhat  different  vein,  experiments  should  be  performed  to  determine  quanti¬ 
tatively  the  magnitude  of  the  time  lags  as  functions  of  the  above  named  parameters.  In  connec¬ 
tion  with  this,  it  should  be  possible,  with  the  aid  of  a  digital  computer,  to  calculate  the  space 
charge  buildup  as  a  function  of  time.  This  information,  together  with  that  of  the  time  lags, 
would  provide  the  capability  of  quantitatively  comparing  theoiy  and  experiment. 
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INTRODUCTION 


The  greatest  amount  of  experimentation  on  thyratron  breakdown  which  is  readily  available 
has  been  performed  by  the  Diamond  Ordnance  Fuze  Laboratory  (DOFL)  (Ref.  43) .  They  have 
tested  a  5643  thyratron  in  various  radiation  environments  and  the  results  of  their  experiments 
are  shown  in  Figure  55.  As  there  was  no  experimental  information  available  on  the  mechanisms 
involved  which  could  explain  such  results,  it  was  suggested  in  dicussions  with  DOFL  personnel 
that  the  grid  current  of  the  thyratron  should  be  measured  to  determine  possible  mechanisms 
for  both  gas  and  hard  tube  transient  effects.  If  a  current  flow  during  the  radiation  pulse  was 
sufficient  to  change  the  grid  bias  and  fire  the  thyratron,  the  mechanism  for  the  observed 
transient  effect  could  be  influenced  by  external  circuitry  configurations,  In  accordance  with 
this  suggestion,  an  experiment  was  planned  which  would  simultaneously  measure  the  grid 
current  of  one  thyratron  and  display  the  successive  firing  of  four  other  thyratrons  as  a  func¬ 
tion  of  radiation  rate  in  the  same  burst. 


PURPOSE 

The  purpose  of  this  investigation  was  to  attempt  to  determine  possible  mechanisms  for 
the  observed  transient  effect  on  a  subminiature  type  5643  thyratron  by  analysis  and  comparison 
of  results  from  grid  conduction  and  breakdown  tests. 
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CATHODE  BIAS  VOLTAGE  (vsi^olts) 


Figure  55  -  DOFL  Radiation  Rate  Firing  Point  DData  For  Type  5643  Thyratron 
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TEST  DESCRIPTION 


For  the  grid  conduction  test,  the  bias  was  set  at  a  value  at  which  the  tube  would  not  be 
apt  to  fire  during  the  radiation  burst.  A  resistor  of  one  megohm  was  placed  in  series  with 
the  grid  of  the  thyratron.  A  pair  of  cathode  followers,  one  at  each  end  of  the  resistor,  was 
designed  to  indicate  by  their  differential  output  the  amount  of  current  drawn  by  the  grid.  This 
voltage  drop,  which  is  proportional  to  the  current  drawn,  was  presented  on  one  of  the  traces 
of  a  dual  beam  oscilloscope.  The  test  equipment  was  entirely  contained  within  the  reactor 
room  with  the  exception  of  the  RG-22/U  coaxial  cables  through  which  were  carried  the  signals 
to  the  oscilloscope  in  the  trailer.  Figure  57  is  a  circuit  diagram  of  the  test  instrumentation 
for  the  grid  conduction  tests.  The  minimum  detectable  current  for  this  circuit  was  10“^  amps. 

For  the  breakdown  tests,  four  separately  shielded  thyratrons  were  used  and  the  circuit 
was  designed  so  that  the  successive  firing  of  the  thyratrons  in  the  order  of  their  increasing 
bias  voltages  would  be  displayed  on  an  oscilloscope.  The  thyratrons  were  operated  by  a  con¬ 
trol  box  and  power  supplies  positioned  about  twelve  feet  from  the  reactor  behind  some  lead 
bricks.  The  circuitry  was  arranged  so  that  the  bias  voltages  could  be  precisely  adjusted  by 
potentiometers.  The  biases  on  the  control  grids  were  set  at  various  values  during  the  series 
of  bursts  and  a  pictorial  representation  of  their  settings  is  given  in  Figure  56.  The  plate 
voltage  used  on  the  thyi’atrons  was  450  volts  in  all  cases.  In  addition  to  the  display  on  the 
oscilloscope,  small  fuzes  were  shorted  out  when  the  thyratrons  fired.  The  shorting  out 
caused  a  neon  bulb  to  light,  thereby  giving  an  indication  of  the  action  the  thyratron  had  taken.  - 
The  complete  circuit  for  the  breakdown  tests  is  shown  in  Figure  58. 
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RADIATION  RATE  (r/sec) 


Figure  56  -  DOFL  Radiation  Rate  Firing  Data  for  Type  5643  Thyratron  With  BAG 
Grid  Bias  Voltage. 
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POTTED  IN  EPOXY  RESIN 


5643 


Figure  57  -  Thyratron  Grid  Conduction  Circuit. 
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Figure  58  -  Thyratron  Firing  Circuit . 
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TEST  RESULTS  AND  DISCUSSION 

No  observable  signal  was  obtained  in  the  grid  conduction  tests,  and  none  of  the  thyratrons 
fired  in  the  breakdown  tests,  with  the  exception  of  two  cases  in  vdiich  circuit  difficulties  acci¬ 
dently  caused  the  thyratrons  to  fire.  Although  the  results  of  the  tests  were  completely  negative, 
due  to  a  combination  of  low  radiation  rates  and  high  bias  settings,  an  attempt  was  made  to  de¬ 
termine  if  the  results  were  consistent  with  existing  information. 

Comparison  of  the  biases  and  the  peak  radiation  rates  in  the  breakdown  tests  with  the  thy- 
ratron  data  given  in  Ref.  43,  shows  that  all  the  points  lie  to  the  right  of  the  curve  in  Figure  56. 
This  indicates  that  with  these  bias  values  and  radiation  rates,  none  of  the  thyratrons  could  have 
been  expected  to  fire.  Thus  the  data  obtained  is  consistent  with  the  DOFL  curve  Figure  55. 

The  lack  of  a  signal  in  the  grid  ctu-rent  measurement  suggests  that  the  mechanism  which 
causes  the  thyratron  to  fire  is  not  affected  by  the  external  circuitry.  This  statement  has  more 
strength  when  one  considers  that  the  DOFL  circuit  had  a  grid  resistance  of  50G0  ohms,  and 
fired  .at  rates  in  the  region  of  107  r/sec.  This  would  have  required  a  signal  of  0.5  volts  or  a 
current  of  100/ia. 
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CONCLUSIONS 


The  thyratron  breakdown  tests  proved  to  be  consistent  with  the  data  of  Ref.  43.  In  this 
preliminary  experiment,  no  signal  was  observed  in  the  grid  conduction  tests.  This  indicates 
that  grid  voltage  changes  caused  by  radiation  induced  grid  current  is  not  a  mechanism  to  ex¬ 
plain  thyratron  firing. 

Note;  From  results  obtained  from  DOFL.  after  this  test  was  run  (Ref.  44),  it  appears  that 
photoelectric  emission  can  account  for  the  transient  behavior  observed  in  response  to  light 
.pulses,  and  the  strong  similarity  of  this  behavior  to  that  observed  in  response  to  higher 
energy  radiation  suggested  that  photoelectric  emission  may  be  a  significant  part  of  the  nuclear 
radiation  effect  observed  in  vacuum  tubes  and  thyratrons. 


RECOMMENDATIONS 

A  thorough  investigation  should  be  performed  with  nuclear  radiation  at  higher  rates  to 
illuminate  the  mechanisms  or  combination  of  mechanisms  which  are  responsible  for  the 
observed  transient  effects  on  thyratrons.  These  experiments  should  be  performed  in  such  a 
way  as  to  separate  effects  of  photoelectric  emission  due  to  fluorescence  accompanying  pulsed 
nuclear  environments  from  those  due  to  volume  ionization  of  the  gas  or  other  processes. 
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INTRODUCTION 


Radiation  effects  in  semiconductors  are  of  considerable  interest,  with  regard  to  the  physi¬ 
cal  mechanisms  involved,  and  also  device  behavior  for  circuit  applications.  In  general,  passage 
of  nuclear  radiation  through  a  material  may  Introduce  a  wide  variety  of  defects ,  var5dng  with 
the  particular  crystal  involved,  initial  impurities,  and  character  and  time-dependence  of  the 
radiation.  The  lifetimes  of  these  defects  may  depend  upon  the  temperature  as  well  as  the  fac¬ 
tors  mentioned.  Ih  semiconductors,  fast  neutron  irradiation  causes  atomic  displacements  and 
heavy  ionizing  secondaries.  Gammas  cause  ionization  and  ionizing  secondary  electrons.  Thus 
permanent  changes  in  minority  carrier  lifetime,  resistivity,  and  mobility,  as  well  as  increases 
in  carrier  concentration  may  be  expected  upon  irradiation  with  a  neutron -plus -gamma  field. 
For  piilsed  neutron  and  gamma  irradiation  these  effects  may  produce  both  transient  and  perm¬ 
anent  changes  in  electrical  properties  of  semiconductor  materials. 

Several  tests  have  been  performed  on  the  transient  current  pulses  obtained  from  reverse 
biased  diodes  and  transistor  junctions.  (See  for  instance  Ref.  46,  47,  48,  49,  51  and  55.)  This 
work  is  beginning  to  yield  a  fairly  consistent  picture  of  the  mechanisms  of  the  current  pulse 
generation.  However,  little  or  no  information  is  available  on  the  changes  in  forward  character¬ 
istics  of  diodes,  or  the  variation  of  the  reverse  current  pulse  with  applied  voltage. 

The  work  described  in  this  appendix  was  directed  toward  establishing  sufficient  informa¬ 
tion  to  allow  a  preliminary  circuit  representation  of  the  diode  in  a  transient  radiation  environ¬ 
ment  to  be  developed. 
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PURPOSE 


The  tests  herein  described  were  carried  out  in  order  to  investigate  the  methods  appro¬ 
priate  to  measuring  changes  in  properties  of  semiconductor  devices  exposed  to  the  neutron- 
plus-gamma  radiation  from  the  Kukla  prompt-critical  reactor.  The  testing  procedure  was 
designed  to  yield  circuit  design  type  parameters.  Preliminary  information  on  the  behavior 
of  a  specific  diode  was  to  be  obtained. 
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DESCRIPTION  OF  TEST 


TEST  ITEMS 

The  1N277,  a  gold-bonded  germanium  diode,  was  selected  for  test  because  of  its  use  in  a 
particular  circuit  application  for  another  program,  and  because  its  response  is  fast  enough  to 
follow  the  pulses  from  a  reactor  of  this  type.  Also  it  is  known  that  germanium  is  less  suscep¬ 
tible  than  silicon  to  permanent  neutron  damage,  generally  an  undesirable  effect  in  transient 
effect  Investigations  (Ref.  45).  The  choice  was  subject  to  the  primary  difficulties  associated 
with  most  device  tests :  a  lack  of  knowledge  of  the  detailed  construction  and  material  proper¬ 
ties,  and  the  variance 'in  properties  from  diode  to  diode.  In  view  of  these  facts  and  time  limita¬ 
tions,  a  simple  equivalent  circuit  approach-^vass-^ised  in  deciding  which  parameters  to  measure. 

'TEST  SETUP  AND.  INSTRUMENTATION. 

The  equivalent  circuit  approach  is  based  on  the  fact  that  one  may  describe  a  smooth  curve 
over  a  narrow  region  by  giving  the  slope  of  the  curve  and  the  intercept  of  the  tangent  at  that 
point  on  one  of  the  axes.  For  the  diode  this  is  equivalent  to  assumption  of  a  dynamic  resistance 
and  a  current  or  voltage  source  to  describe  the  behavior  near  a  given  operating  point  on  the 
I-V  characteristic.  Measurement  of  the  radiation-induced  voltage  change  when  constant  current 
is  applied,  and  of  the  radiation-induced  current  change  when  a-constant  voltage  is  applied  to 
the  diode  should  give  the  information  necessary  to  calculate  the  radiation-induced  change  in 
the  I-V  characteristic. 

The  alternative  method  of  measuring  the  entire  I-V  characteristic  during  the  irradiation 
was  infeasible  because  the  available  high-gain  amplifiers  did  not  have  sufficient  bandpass  to 
operate  at  the  repetition  rate. required.  Measurement  at  many  points  on  the  I-V  characteristic 
was  infeasible  because  of  the  limited  number  of  recording  channels  and  Kukla  bursts  available, 
unless  one  restricted  the  test  to  a  very  few  diode  specimens.  Also,  in  the  latter  case,  if  an  in¬ 
dividual  burst  produced  appreciable  permanent  damage,  then  measurement  of  the  changes  at  a 
different  point  on  the  I-V  characteristic  would  pertain  to  a  “different”  diode.  Direct  .measure¬ 
ment  of  the  changes  in  slope  and  operating  point  by  imposing  a  small  alternating  voltage  (or 
current)  on  the  constant  current  (or  voltage)  supply  would  hq.ve  been  highly  desirable,  but  band¬ 
pass  limitations  also  arise  in  this  case. 

hi  view  of  these  facts  it  was  decided  to  measure  current  change  at  constant  voltage,  and 
voltage  change  at  constant  current,  using  simple  resistor  networks  and  batteries  to  set  oper¬ 
ating  points  for  1N277  diodes.  The  nominal  operating  points  chosen  were  (^0.3V,  +  Ima)  and 
(-12V,  -2/ta.).  In  the  setup  for  each  measurement  four  diodes  were  mounted  in  a  2-1/2  x  2-1/2 
inch  terminal  board  in  an  aluminum  box.  The  open  face  of  this  header  was  placed  near  the  re¬ 
actor  on  a  rod  stand-mounted  on  a  dolly.  RG-58/U  coaxial  cables  (8  feet  long)  for  applying 
operating  voltages  and  currents  and  for  signal  leads  were  brought  into  the  header  without  con¬ 
nectors  and  attached  directly  to  the  terminal  boards.  The  terminal  boards  were  coated  approxi¬ 
mately  1/4  inch  thick  with  Silastic  RTV  882  (Dow-Corning)  in  order  to  reduce  current  conduc¬ 
tion  around  the  diodes  and  cable  ends  due  to  air  ionization  during  a  radiation  burst.  The  cables 
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were  brought  back  to  a  small  junction  box  where  the  resistor  networks  were  potted  in  Hysol 
6020  (Houghton  Laboratories).  This  junction  box  and  a  battery  box  were  located  on  the  dolly 
approximately  six  feet  from  the  reactor.  BNC  connectors  with  the  locking  studs  filed  off  were 
mounted  on  the  junction  box  for  quick  disconnect  from  the  RG~58/U  cables  (40  feet  long)  lead¬ 
ing  to  a  distribution  panel  in  the  reactor  vault.  RG~22/U  cables  (110  feet  long)  then  led  to  the 
trailer  outside  the  building,  where  they  terminated  at  two  dual-channel  Tektronix  Model  551 
oscilloscopes,  equipped  with  Model  D  preamplifiers  and  Beattie-Coleman/Polaroid  cameras. 

(The  twin  leads  of  the  RG-22/U  were  paralleled  to  approximately  match  the  RG-58/U  cable.) 

For  each  of  the  four  basic  setups  a  duplicate  diode  header  was  provided  to  permit  gain-setting 
nms  or  repeat  runs.  In  addition,  four  headers  were  designed  with  resistors  in  the  junction 
boxes  to  simulate  the  diodes  in  operation.  These  were  used  to  measure  any  leakage  effects  in¬ 
cluded  in  the  signals  from  the  diode  headers.  To  get  some  idea  of  the  sources  of  the  various 
leakages,  each  of  these  headers  included  the  following  four  circuits: 

1.  A  cable  loop  in  the  header — to  check  for  cable  leakage. 

2.  Nothing  in  the  header--to  check  for  leakage  in  the  jimction  box. 

3.  A  burned-out  diode  in  the  header — to  check  for  leakage  inside  and  outside  the  diode 
case. 

4.  Two  diode  leads  with  the  case  and  diode  junction  removed — to  find  out  whether  any 
leakage  in  (3.)  was  primarily  external  or  internal  to  the  case. 

Headers  one  and  two  were  designed  to  obtain  supplementary  information  on  resistors  of  the 
type  used  in  constructing  the  networks  (Welwyn-Canada,  type  C,  1  percent,  1/2  watt  and  1  watt; 
and  Sage,  5  ohm,  3  percent,  1  watt.)  Also  a  20  microfarad,  50  volt,  tantalum  capacitor  was  check¬ 
ed  in  these  junction  boxes  in  order  to  find  out  if  capacitor  coupling  could  be  used  in  future  ex¬ 
periments  without  introducing  spurious  signals.  Header  one  was  to  be  without  potting  material, 
in  order  to  verify  that  the  potting  was  necessary  but  this  test  was  not  performed.  Additional  de¬ 
tails  are  given  in  the  individual  drawings  of  the  experimental  setups,  Figures  59  through  67. 

TEST  PROCEDURE  AND  DOSIMETRY 

By  use  of  quick-dlsconnects  on  the  cable  set  and  header  mounting,  and  a  movable  dolly 
mounting,  working  time  in  the  reactor  vault  was  kept  to  a  minimxim  so  that  total  exposure  was 
limited  less  than  0.3  roentgen  for  each  of  the  two  operators.  It  was  necessary  to  segregate  the 
battery  boxes  as  a  possible  beta-radiation  hazard  for  a  few  hours  after  each  burst. 

Total  neutron  fluxes  and  peak  gamma  rates  at  the  terminal-board  position  for  this  experi¬ 
ment  were  obtained  from  beta-counting  on  sulfur  pellets  and  photodiode  signals  respectively, 
as  discussed  in  Appendix  II  on  Dosimetry.  The  average  distance  from  the  reactor  center  to  the 
diodes  in  the  header  boxes  was  14.5  1  0.6  cm.  This  determines  the  main  contribution  to  the 
probable  error  of  ±  10  percent  in  the  stated  peak  gamma  rates,  considering  only  the  distance 
variations  involved  in  repositioning  the  doily  prior  to  each  burst.  The  probable  error  in  the 
neutron  data  likewise  Is  +  10  percent.  Systematic  errors  are  discussed  in  Appendix  H. 
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Figure  59  -  Kukla  Test  Number  1.  Diode  Experiment  Setups  1  and  2,  Measure 
R  and  C  Leakages. 
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Figure  60  -  Kulda  Test  Number  1.  Diode  Exponent  Setup  3,  Measure  Leal^ages 
for  Setups  4  and  5. 
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DISTRIBUTION  PANELS 


Figure  61  -  KulTa  Test  Numljer  1.  DioJe  Experiment  Setups  4  and  5,  Measure  Forward 
Current  Changes  At  Constant  Voltage. 
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HEADER  JUNCTION  BOX 


Figure  62  -  KuMa  Test  Number  1.  Diode  Experiment  Setup  6,  Measure  Leakages 
for  Setiq)S  7  and  8. 
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DISTRIBUTION  PANELS 


Figure  63  -  Kukla  Test  Number  1.  Diode  Experiment  Setups  7  and  8, Measure 
Forward  Voltage  Changes  at  Constant  Current. 
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Figure  64  -  Kukla  Test  Number  L  Diode  Experiment  Setup  9,  Measure  Leakages 
for  Setups  10  and  11. 
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DISTRIBUTION  PANELS 


Figure  65  -  Kukla^  Test  Number  1.  Diode  Experiment  Setups  10  and  11, 
Measure  Reverse  Current  Changes  at  Constant  Voltage. 
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Figure  66  -  Kukla  Test  Number  1.  Diode  Experiment  Setup  12, Measure 
Leakages  for  Setups  13  and  14. 
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HEADER  JUNCTION  BOX 


Figure  67  -  Kulda  Test  Number  1.  Diode  Experiment  Setups  13  and  14, Measure 
Reverse  Voltage  Changes  at  Constant  Current. 
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In  quoting  results  it  is  assumed  that  the  transient  effects  are  proportional  to  gamma  rates 
in  r/sec  for  which  reasonably  accurate  numbers  have  been  derived  from  fission  rates  and  re¬ 
actor  data.  Nevertheless,  it  is  recognized  that  some  of  the  ionization  in  the  semiconductor  ma¬ 
terials  may  be  due  to  fast  neutrons.  H  this  were  the  case  here,  all  observed  signals  would  be 
larger  than  could  be  accounted  for  by  gammas  alone,  but  still  proportional  to  the  gamma  rate^ 
since  the  neutron/gamma  ratio  is  not  expected  to  depend  on  fission  rate.  Not  enough  is  known 
about  the  diodes  irradiated  in  this  test  to  use  the  observed  signals  to  separate  the  neutron  and 
gamma  transient  effect. 
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TEST  RESULTS 


The  reactor  burst  data  used  in  analyzing  this  test  is  given  in  Table  13,  No  diode  informa¬ 
tion  was  taken  on  the  first  burst.  The  data  on  half-value  times  before  and  after  peak  rate,  asym¬ 
metry,  and  time  to  peak  rate  were  used  to  verify  that  the  signals  from  a  particular  setup  had 
followed  the  time- dependence  of  the  fission  rate.  The  ratio  of  peak  rate  for  a  given  burst  to 
that  for  burst  11  was  used  to  reduce  all  observed  signals  to  a  single  rate,  so  that  all  cases  in 
which  a  signal  was  observed  to  be  less  than  some  value  could  be  compared  for  consistency  with 
cases  in  which  measurable  signals  were  observed  on  repeat  runs  of  an  individual  setup.  Thus 
we  assume  that  all  responses  were  proportional  to  peak  rate,  as  was  apparently  the  case  for  all 
except  burst  13,  The  broadening  of  the  peak  for  times  both  before  and  after  the  peak,  and  the 
delay  in  reaching  peak  response  seem  to  indicate  saturation  effects  in  this  case,  but  this  diffi¬ 
culty  did  not  appear  with  any  other  setup,  even  though  in  several  other  cases  a  high  cable  term¬ 
ination  was  used  to  obtain  larger  signals  on  the  oscilloscopes  than  could  be  obtained  with  the 
proper  50  ohm  termination.  The  time  constant  of  the  cable  in  the  case  of  a  5000  ohm  termination 
should  have  been  about  30  microseconds.  This  difficulty  has  not  been  resolved,  but  would  seem 
to  be  a  result  of  improper  cable  termination,  since  a  similar  circuit  with  proper  termination 
gave  no  delay  or  before-peak  broadening  on  burst  12,  ■  . 

The  voltage  and  current  increases  observed  at  the  terminating  resistors  for  each  setup  are 
given  in  Table  14,  with  the  defintions  of  the  symbols  at  the  column  heads  given  at  the  end  of  the 
table.  The  values  of  current  increases  normalizeCkto  thb  smallest  burst  are  also  given  for 
comparison  with  the  cases  in  which  no  measurable  signal  appeared  on  the  photographs. 

In  order  to  check  for  permanent  neutron  damage  the  base  resistance  (turn-on),  reverse 
recovery  time,  and  relaxation  time  (to  Vg/e)  were  measured  for  each  diode  with  a  Tektronix 
S-Unit  before  and  after  irradiation.  No  correlation  between  neutron  exposure  and  measured 
change  in  parameters  was  assignable,  although  a  more  careful  analysis  of  the  data  may  reveal 
some  effects.  Comparison  of  the  I-V  characteristic  before  and  after  irradiation  revealed  a  -  • 
constant  offset  in  values,  which  appeared  also  in  a  control  set  of  diodes  not  removed  from  the 
laboratory.  This  offset  was  larger  than  could  be  accounted  for  by  temperature  dependence,  but 
one  may  conclude  that  the  permanent  change  in  slope  of  the  I-V  characteristic  due  to  irradiation 
was  certainly  leiss  than  10  percent  and  the  change  in  current  at  a  given  voltage  probably  less 
than  10  percent. 
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KUKLA  TEST  NO.  1  -  DIODE  EXPERIMENT  -  BURST  DATA 
(See  end  of  table  for  definitions  of  symbols) 
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In  cases  4-1-3  and  4-2-3  the  scope  amplifier  was  set  on  "A.  C. , "  and  the  signal 
was  partially  differentiated.  The  peak-to-peak  values  are  given  for  comparison  only. 
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TABLE  14  (page  4) 


DefinitionB  of  symbols  used  as  column  headings 

Case;  Setup  No„  -  Channel  No.  -  Burst  No. 

=  Terminating  resistor  at  oscilloscope  input,  in  ohms. 

=  Constant  voltage  appearing  across  terminating  resistor  before  and  after  a  burst, 
in  millivolts. 

AVt  =  Peak  voltage  increase  appearing  across  terminating  resistor  during  a  burst, 
in  millivolts. 

Al^  =  Current  increase  corresponding  to  AV^,  in  microamperes  (  A  =  AV^/Rj^. 

A  g 

R  =  Peak  gamma  rate  during  a  burst,  in  lo”  r/sec. 

/N 

Alt(Bll)  =  Current  increases  normalized  to  burst  No.  11,  the  smallest  one, 
in  microamperes. 


Setup  Description:  Corresponds  to  the  Setup  No.  and  Channel  No.  The  diode  numbers  are 
arbitrary  identification  numbers,  with  T  indicating  Transitron,  and  H  indicating  Hughes  1N277 
diodes.  (F)  indicates  forward  and  (R)  indicates  reverse  conduction  through  a  diode. 

A  A 

Note:  The  indicated  errors  in  AV^.  and  Alj.  are  due  to  reading  the  photographs.  It  is  to  be 
remembered  that  there  may  be  errors  of  several  percent  ^ue  to  errors  in  the  resistor  values 
and  the  oscilloscope  calibrations.  The  probable  error  in  r  and  Alt(Bll)  is  about  ±  10  percent 
due  to  imcertainties  in  the  position  of  the  diodes  with  respect  to  the  reactor.  There  are 
additional  systematic  errors  without  doubt. 
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,  DISCUSSION  OF  RESULTS  AND  CONCLUSIONS 

Inspection  of  the  data  presented  in  Table  14  reveals  that  the  diode  parameter  changes  dur¬ 
ing  irradiation  produced  signals  of  the  same  order  of  magnitude  as  the  signals  from  the  setups 
used  to  check  for  unwanted  additional  signals,  except  in  the  case  of  diode  reverse  conduction 
at  constant  voltage.  Even  in  this  case  the  corrections  required  were  appreciable.  Thus  one  can 
really  only  set  upper  limits  on  the  diode  effects,  except  in  the  latter  case.  It  is  possible,  how¬ 
ever,  to  analyze  some  of  the  results  from  the  setups  used  to  measure  “leakage”  in  order  to 
get  some  idea  of  the  sources  of  the  unwanted  signals.  One  expects  such  signals  due  to: 

1.  Conductivity  induced  in  the  potting  compound — leading  to  a  shunting  effect  on  the  diodes 
and  resistors  during  irradiation. 

2.  Changes  in  the  materials  of  which  the  resistors  are  constructed. 

3.  Changes  in  battery  voltage  during  irradiation. 

4.  Leakages  in  cable  dielectric. 

5.  Photocurrents  in  the  cables. 

6.  Leakage  or  photocurrents  in  the  connectors  exposed  to  radiation  in  the  reactor  room. 

The  principle  effects  seem  to  have  been  due  to  photocurrents  from  the  cables  and  connec¬ 
tors,  but  it  is  possible  to  set  some  approximate  limits  on  the  contributions  from  the  otEer 
factors . 

LEAKAGE  CORRECTIONS 
Potting  Compound  Leakage 

Assume  that  the  resistors  do  not  change  in  value  and  that  there  is  no  other  leakage.  In  the 
simple  series  circuit  of  channel  one  in  setup  one,  the  voltage  at  the  terminating  resistor  in¬ 
creased  about  0.2  percent  on  burst  15  (2.3  x  lO*’  r/sec  peak  gamma  rate).  This  effect  could 
have  been  produced  by  a  2,5  megohm  shunt  around  the  5000  ohm  resistor.  .Assuming  the  con¬ 
ductivity  varies  linearly  with  rate,  and  estimating  the  gamma  rate  six  feet  back  from  the  re¬ 
actor,  at  the  junction  box  position,  one  would  expect  less  than  10“^  a  increase  in  current  in 
the  terminating  resistors  in  case  and  0.1// a.  in  case  9-2-4.  These  were  cases  in  which 

there  were  only  resistance  networks  in  the  junction  boxes,  with  no  connections  to  the  headers 
mounted  near  the  reactor.  The  observed  currents  were  0.12^ a  and  6.5^a  respectively,  so  one 
believes  that  the  leakage  currents  in  the  potting  compound  in  the  junction  boxes  were  not  major 
contributions  to  the  currents  observed. 

Resistor  Changes 

A  fractional  decrease  in  resistance  values  could  also  give  increased  currents  at  the 
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terminating  resistors,  but  in  case  12-3-8  no  steady  voltage  was  developed  at  the  termination, 
due  to  a  shorted  dummy  diode  in  the  header.  Nevertheless  a  current  of  2.4/ta  flowed  during 
the  burst.  Changes  in  resistor  values  could  not  have  had  any  effect,  so  one  is  forced  to  assume 
another  source  of  current,  at  least  in  this  case. 

It  is  quite  true  that  the  effects  foimd  in  case  1-1-15,  and  discussed  above,  could  have  been 
due  to  either  resistance  changes  or  potting  compound  leakage  in  the  header. 

Battery  Voltage  Changes 

In  case  5-4-10  a  0.3  volt  series  combination  of  dry  cells  and  mercury  cells  gave  less  tharr 
0.006  percent  change  in  voltage.  In  case  11-4-9  a  12  volt  dry  battery  gave  less  than  0,002  per¬ 
cent  change  in  voltage.  Ixi  these  circuits  one  would  expect  that  photocurrents  would  have  been 
shunted  to  ground  through  the  low  battery  impedance,  and  so  would  not  have  had  any  effect.  The 
gamma  rate  at  the  batterj"  box  in  these  cases  was  about  10^  r/sec.  The  batteries  thus  are 
eliminated  from  consideration  for  the  production  of  unwanted  signals  in  this  experiment. 

Cable  Leakage  and  Photo  Effects 

Considering  the  magnitudes  of  the  excess  currents,  and  the  fact  that  they  tended  to  increase 
the  current  in  the  terminating  resistors  in  all  cases,  we  believe  that  photovoltages  and/or  cur¬ 
rents  were  generated  during  the  reactor  pulse.  The  sense  was  as  if  excess  electrons  were  being 
generated  at  the  cable  sheath,  which  may  be  viewed  either  as  due  to  a  photovoltage  at  some  in¬ 
terface  in  the  cable,  or  as  a  photocurrent  due  to  collection  of  electrons  generated  in  the  dielec¬ 
tric.  In  either  case  cable  leakage  would  be  a  competing  pi’ocess,  and  cable  loading  and  applied 
voltage  would  probably  have  an  effect  on  the  net  current  reaching  the  terminating  resistor. 

These  phenomena  are  not  new,  although  the  observations  have  not  yet;been  put  into  usable  form. 
(For  instance  see  Ref.  47  and  54).  D.  L.  Dye  of  Boeing  Airplane  Co.'..aIso  noticed  phofocurre'nts 
generated  in  coaxial  cables  exposed  to  X-radiation,  with  no  voltage  applied.  Researchers  at 
Hughes  .Aircraft  Co.  have  recognized  the  difficulty  and  are  investigating  the  competing  effects 
and  their  voltage  dependence,  (Ref.  46).  It  is  interesting  to  note  that  extrapolation  of  the  results 
in  Ref.54  to  the  relatively  high  gamma  rates  of  our  experiment,  taking  into  account  the  varia¬ 
tion  of  rate  along  the  section  of  cable  near  KuMa,  one  would  predict  photocurrents  considerab¬ 
ly  less  than  those  observed.  The  currents  measure  in  Ref,  54  obeyed  the  law  I  OC  (R)^  where 
0.5  <  a<  1. 

Coniiector  Leakage  and  Photo  Effects 

Comparing  the  excess  currents  from  those  leakage  testing  channels  for  which  there  were 
cables  tc  the  header  with  those  for  v-mch  there  were  only  networks  in  the  junction  boxes,  one 
sees  that  there  were  probably  photo  effects  in  the  latter  case  also.  In  a  simple  experiment  re¬ 
cently  performed  by  D.W.  Blincow  at  the  Kukla  facility  a  0.3/ta  current  was  apparently  gener¬ 
ated  in  a  BNC  connector  six  feet  from  the  reactor,  at  about  10®  r/sec,  although  less  than  0.1 
MB.  current  was  generated  in  an  identical  setup  without  the  connector.  The  geometry  was  simi¬ 
lar  to  that  of  the  diode  test  setups.  Blincow’s  test  was  performed  with  no  voltages  applied,  but 
leakage  is  xmdoubtedly  an  additional  factor  when  there  is  a  nonzero  operating  voltage. 
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Comparison  of  the  signals  from  the  different  circuits  in  leakage  testing  setups  thus  seems 
to  point  to  the  following  facts : 

1.  The  unshielded  BNC  connectors  leaked  and  injected  photo  cur  rents. 

2.  The  cables  leaked  and  injected  photocurrents. 

3.  The  relative -magnitudes  of  tfie  signals  from  the  dummy  diodes  and  the  wj,res  without 
the  diode  case  indicate  that  there  was  little  leakage  within  the -case. 

4.  The  photocurrents  flowed  in  a  direction  corresponding  to  production  of  excess  elec¬ 
trons  at  the  sheath  of  the  cable. 

5.  A  quantitative  imderstanding  of  these  effects  is  lacking. 

In  view  of  the  above  observations  it  was  decided  to  simply  normalize  the  currents  from 
the  dummy  diode  channels  appropriate  to  the  diode  setup  for  which  information  was  desired, 
and  to  subtract  them  from  the  observed  currents.  In  all  cases  except  setup  six  the  terminating 
resistor  was  small  compared  with  the  impedance  of  the  network  at  the  other  end  of  the  cable, 
hence  could  reasonably  be  expected  to  collect  all  the  injected  current. 

TRANSIENT  RADIATION  EFFECTS  DURING  DIODE  FORWARD  CONDUCTION 

The  relative  signal  amplitudes  from  setups  3  and  4  (bursts  2  and  3)  indicated  that  it  would 
be  possible  to  measure  the  diode  forward  current  change  at  0.3  volt.  However  no  measurable 
signals  were  seen  on  bursts  11  and  16  with  setup  5  (similar  to  4),  The  failure  on  burst  10  is 
not  explained,  since  it  had  about  one-half  the  peak  rate  of  burst  3.  Bursts  11  and  16  imexpect- 
edly  had  about  one-fifth  the  intensity  of  3,  and  so  could  not  have  produced  measurable  signals 
if  the  signal  from  setup  4  was-tj-pical.  Thus  one  can  only  say  that  the  diode  current  increase 
at  0.3  volt  was  probably  less  than  five  percent  for  about  4  x  10®  r/sec. 

The  signals  from  setups  6  and  8  indicate  a  diode  voltage  decrease  of  less  than  0.1  percent 
at  1  ma,  for  0.9  x  10®  r/sec,  if  the  normalization  procedure  is  valid.  The  signals  from  setups 
6  and  7  indicate  a  voltage  increase  across  the  diode  of  2.3  percent  at  1  ma  for  2  x  10®  r/sec 
for  a  single  diode  channel.  These  results  are  inconsistent,  but  then  the  signals  from  setup  8 
were  considerably  distorted,  as  mentioned  earlier. 

All  that  one  can  say  about  the  changes  in  forward  conduction  properties  of  the  diode  is 
that  they  are  probably  less  than  five  percent  at  the  (0.3V,  1  ma)  point  for  peak  gamma  rates  of 
the  order  of  10®  r/sec. 

TRANSIENT  RADLATION  EFFECTS  DURING  DIODE  REVERSE  CONDUCTION 

Consider  first  the  constant  current  case,  for  which  there  are  only  three  pieces  of  inform¬ 
ation:  signals  from  “wires  in  the  header’’  and  from  two  diodes  (cases  12-4-8,  13-3-7,  and 
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13-4-7).  Assuming  the  diode  dummy,  which  was  defective  in  this  case,  would  have  given  90 
percent  of  the  sf^al  frorh  the  plotted  wires,  as  in  setup  6,  one  finds  that  the  current  in  the 
terminating  resistor  was  reduced  by  0.28/<a  and  O.SO/ia  for  cases  13-3-7  and  13-4-7  respec¬ 
tively,  presumably  due  to  diode  changes  during  the  burst.  This  would  correspond  to  voltage 
decreases  at  the  diodes  of  14  ±  3  volts.  The  I-V  characteristics  for  the  two  diodes  used,  at  the 
ambient  temperature  in  the  reactor  vault,  indicate  that  they  were  operating  at  12  ±  3  volts. 
Thus,  during  the  burst  the  voltage  across  the  diodes  decreased  to  zero  within  the  accuracy  of 
measurement.  One  should  note  that  in  this  case  the  excess  photocurrents  were  of  the  same 
order  of  magnitude  as  the  currents  due  to  the  diode  changes,  hence  the  large  errors  in  the  • 
measured  voltage  changes.  The  initial  operating  voltages  are  uncertain  because  of  the  strong 
temperature  dependence  of  the  diode  voltage  drop  at  constant  current  and  the  ±  0.5°C  uncer¬ 
tainty  in  the  measurement  of  reactor  vault  temperature. 

The  changes  in  reverse  current  at  constant  voltage  were  considerably  larger  than  the 
cable  leakages  and  provide  quantitative  information  about  the  1N277  diode,  even  though  the  de¬ 
sired  slope  and  intercept  changes  for  the  I-V  characteristic  cannot  be  calculated  without  good 
constant-current  data  in  addition.  In  Table  15  the  changes  in  diode  reverse  current  at  12  volts 
for  bursts  5  and  9  are  tabulated  together  with  the  cable  leakage  information  from  burst  4.  The 
diode  currents  are  also  given  after  correction  for  diode  dummy  leakage  normalized  to  the  peak 
gamma  rates  for  bursts  5  and  9. 

The  rather  large  differences  between  the  currents  of  the  individual  diodes  irradiated  on 
the  same  burst,  and  the  failure  to  scale  from  one  burst  to  the  other  were  taken  to  be  caused 
by  differences  in  some  diode  parameter  which  controls  the  current.  Upon  inspection  of  the  I-V 
characteristics  shown  in  Figure  68  it  will  be  seen  that  diodes  H12,  14,  and  19  all  have  similar 
slopes,  as  have  the  group  H9,  T6,  and  T7.  In  fact,  the  observed  currents  are  ordered  in  mag¬ 
nitude  with  AV/AI,  which,  on  a  simple  picture  of  the  diode  equivalent  circuit,  is  a  resistance 
shunting  the  ideal  diode. 

A  plot  of  the  peak  diode  currents  A l(j  versus  the  shunt  resistance  Rg^  at  12  volts  shows 
that  the  behavior  of  diodes  H9,  T6,  and  T7  is  strictly  linear  with  Rgjj,  and  the  following  simple 
theory  is  proposed  as  a  possible  explanation.  Assume  that  gamma  irradiation  generates  excess 
electron-hole  pairs  with  recombination  times  short  compared  with  the  length  of  the  pulse  of 
radiation  in  all  regions  of  the  semiconductor  material.  Those  carriers  not  recombining  will  be 
swept  out  under  the  Influence  of  the  reverse  field  applied,  and  contribute  a  current  which  will 
be  proportional  to  the  gamma  rate.  On  a  very  simple  pictuT'e  of  the  process,  collection  will 
occur  from  regions  within  a  diffusion  length  of  the  junction  and  also  from  the  junction  region  - 
itself.  If  an  electrode  is  less  than  a  diffusion  length  from  the  junction  then  collection  is  neces¬ 
sarily  from  the  region  of  this  length  rather  than  the  full  diffusion  length,  (Ref.  48  and  49).  Thus 
we  can  write: 

Al  =  eg  A  (Ln  +  Lp  +  W) - ^  egA  {Xn+  Xp  +  W)  for  Xn,  p  <  Ln,p. 

Where:  A I  =the  additional  current  due  to  irradiation  in  amperes, 
e  =  electron  charge  in  coulbmbs 
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Rg}i  -  equivalent  shunt  resistance  of  the  diode,  m  megohms  (at  reactor  vault  temperature). 
Diode  =  diode  identifying  number. 


DIODE 
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Figure  68  ->  KiMa  Test  Number  1.  Diode  Exijeriment  1N277  Diode  I~V  Reverse  Characteristics. 


f  g  =  the  net  number  of  current  carriers  generated  per  cc  per  second 

A  =  effective  junction  area  in  cm^ 

Ln  =  minority  carrier  diffusion  length  in  the  p-type  material  in  cm 
Lp  -  minority  carrier  diffusion  length  in  the  n-type  material  in  cm 
W  -  Junction  width  in  cm 

Xn,  Xp  =  distances  from  the  junction  to  the  appropriate  electrode  in  cm 

Now  let  us  assume  that  g  OC  R,  the  gamma  rate;  and  also  AW  oc  Rgj^ ,  where  R  is  the 
^amraa  rate  and  Rgj;^  is  the  diode  reverse  shunt  resistance.  The  latter  assumption  is  the  one 
used  to  intex’pret  the  results  of  this  expeinment,  and  it  is  not  unreasonable,  if  Rgi^  is  viewed 
as  due  to  a  current  leakage  across  the  transition  region  (Ref.  50).  One  then  can  write  an  ex¬ 
pression  for  the  diode  reverse  current  increase  and  use  the  experimental  data  to  evaluate  the 
constants ; 


Alx{a+bRgh)R 

Where;  Ra  =  (Rgjj  =»  0)  (an  intercept) 

.  Rb  =  d(Ald)  /d(Rsh)  (a  slope) 

For  diodes  H9,  T6,  T7,  one  has; 

a  =  (7i  1)  X  10-6  /  (2.35_x  lO^)  =  2  (3.0  ±  0.4)  x  lO'^^ 
b  =  (0.27  ±  0.02)  x  10"^®  (an  average  value) 

So  that: 

A  =  (3.0  ±  0.4)  +  (0.27  i-  0.02)  R^^^  j  R 

L  J 


Where: 

A  l^  ::  peak  reverse  current  in  microamperes. 

R.  7  =  diode  initial  shunt  resistance  in  megohms  at  12  volts  reverse. 

R  -  10-6  X  peak  gamma  rate  in  r/sec 

To  Lest  the  above  expression  for  it  was  applied  to  predicting  the  values  of  peak  current' 
from  the  diodes  in  setup  10,  and  the  rcsxilts  are  shown  in  Figure  69.  Although  the  predicted 
values  are  too  large,  the  general  agreement  is  rather  surprising  in  view  of  the  large  differ¬ 
ences  in  rates  and  initial  shunt  resistances  in  the  two  cases.  In  fact,  it  is  not  worthwliile  to 
attempt  further  corrections  ,  in  view  of  the  fact  that  there  is  actually  ±  10  percent  probable 
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Figure  69  -  Kukla  Test  Number  1.  Diode  Experiment  1N277  Diode  Peak  Reverse  Current  Versus  Initial 
Shunt  Resistance.  ! 


error  in  the  quoted  peak  gamma  rates  due  to  errors  in  positioning  the  header,  and  also  dis¬ 
crepancies  between  the  peak  rates  indicated  by  the  different  photodiodes  used  to  measure  fis¬ 
sion  rates.  That  is  to  say,  the  use  of  rates  from  PD  1  gives  a  much  closer  fit.  It  is  imlikely 
that  the  effects  are  very  nonlinear  with  gamma  rate  in  view  of  the  good  agreement  in  times  -to 
one-half  value  and  to  peak  of  these  signals  with  the  photodiode  signals.  Note  that  the  agree¬ 
ment  is  not  improved  by  assuming  a  different  cable  correction  as  long  as  that  correction  is 
taken  ro  be  proportional  to  gamma  rate.  Gamma  ray  joule  heating  (Ref.  51)  could  also  reason¬ 
ably  be  invoked  to  explain  the  observation  of  smaller  currents  than  predicted,  due  to  the  nega¬ 
tive  temperature  coefficient  of  Rg^- 

The  conclusion  to  be  drawn  is  that  the  effects  described  above  are  probably  real,  but  indi¬ 
cate  that  further  investigation  of  the  diode  construction  and  its  behavior  during  irradiation  are 
required.  Specifically,  the  shape  of  the  I-V  characteristic  is  dependent  on  diode  contact  geo¬ 
metry  and  also  on  surface  phenomena.  Thus  the  physical  meaning  of  the  observed  relationship 
between  Rgji  and  the  current  during  irradiation  is  not  clear  at  this  time.  See  Ref.  56  and  57 
for  some  considerations  which  apply  to  these  problems. 
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RE  COMME  ND  ATIONS 


LEAKAGE  EFFECTS 

In  order  to  gather  really  precise  data  in  an  investigation  of  this  type,  the  radiation-induced 
leakages  and  photocurrents  must  either  be  eliminated  or  xmderstood  quantitatively.  It  is  possi¬ 
ble  that  cable  effects  can  be  reduced  in  magnitude  by  the  use  of  balanced  lines  although  this  is 
not  always  convenient.  The  potting  compound  leakages  and  resistance  changes  probably  are 
small,  although  in  this  case  also,  quantitative  information  is  needed.  The  apparent  effects  due 
to  cable  connectors  used  in  the  vicinity  of  the'reactor  could  perhaps  be  reduced  considerably 
by  proper  shielding,  or  one  could  eliminate  the  use  of  connectors  in  the  radiation  field.  It  is 
suggested  that  the  investigation  of  these  effects  should  be  undertaken  with  cognizance  of  the 
work  being  done  on  this  problem  by  Hughes  Aircraft  Co.  personnel  (Ref.  46)  and  by  other  inter¬ 
ested  parties . 

EFFECTS  OF  IRRADIATION  ON  DIODE  CHARACTERISTICS 

The  small  changes  in  diode  forward  conduction  probably  cannot  be  accurately  measui'ed 
until  the  leakage  problem  is  solved.  In  any  event,  the  interpretation  in  terms  of  diode  proper¬ 
ties  is  probably  considerably  more  complex  than  for  reverse  conduction  (Ref.SO)  and  this  prob¬ 
lem  may  profitably  be  put  aside  as  qf  lesser  current  interest  than  the  case  of  reverse  conduc¬ 
tion,  in  which  large  effects  are  observed.  One  should  note  that  in  the  latter  case  it  would  be 
•wise  to  investigate  the  diode  responses  to  low  as  well  as  high  gamma  rates  in  order  to  defin¬ 
itely  establish  the  dependence  on  peak  rate,  and  also  to  use  data  obtained  from  reactor  irradi¬ 
ations  (Ref.  52),  Establishment  of  the  changes  in  the  entire  I-V  characteristic,  either  by  the 
slope  and  intercept  method  or  by  an  A.C.  method,  is  vital  to  the  circuit  designer  who  must 
consider  possible  radiation  effects. 

One  would  like  to  understand  in  detail  the  radiation  effects  in  all  semiconductor  devices. 

In  this  experiment  and  in  experiments  by  other  researchers  some  useful  but  still  rather  in¬ 
complete  information  has  been  obtained.  It  would  be  desirable  to  pursue  the  investigation  of 
transient  radiation-induced  effects  in  diodes,  since  they  are  relatively  simple  (but  really  com¬ 
plex)  devices,  to  as  complete  an  imderstanding  as  could  be  reasonably  expected.  The  insight 
thus  gained  would  certainly  help  in  understanding  the  behavior  of  other  semiconductor  devices. 

This  particular  investigation  may  help  to  make  possible  a  correlation  and  prediction  of 
effects  in  diodes  of  the  same  type,  although  it  seems  unlikely  that  the  necessary  initial  device 
parameters  can  be  known  accurately  enough  to  establish  the  necessary  theory  unless  the  diodes 
to  be  investigated  are  fabricated  in  a  known  way,  of  materiaxs  whose  semiconducting  properties 
and  purity  are  accurately  known.  Thus  one  would  expect  to  be  able  to  predict  effects  for  com¬ 
mercially  available  diodes  only  after  the  precise  experiments  have  revealed  what  parameters 
of  the  device  are  controlling  factors  in  the  response  to  radiation.  Perhaps  it  may  help  to  set  up 
detailed  models  of  the  diode  processes  as  suggested  for  instance  by  J.  G.  Linvill  (Ref.  53)  and 
then  to  deal  with  the  effects  of  radiation  by  machine  computation,  for  radiation  pulses  of  dif¬ 
ferent  shapes  and  amplitudes.  The  immediate  problems,  however,  are  common  to  the  difficul¬ 
ties  of  good  experimental  technique  in  any  field. 
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APPENDIX  Vn 


ANALYSIS  OF  CIRCUIT  AND  PIECE  PART  TEST  REQUIREMENTS 
FOR  TRANSIENT  RADIATION  EFFECTS  TESTING 


by 


William  E.  Nesbitt,  Terence  J.  Mohan  and  Kurt  K.  Graupe 
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PURPOSE  AND  SCOPE 


WEAPON  SYSTEM  REQUIREMENT  STUDY 
General 

The  ultimate  purpose  of  testing  any  basic  piece  parts  in  a  transient  radiation  environment  - 
is  to  provide  susceptibility  data  from  which  future  military  systems  may  be  intelligently  de¬ 
signed.  Therefore,  such  testing  should  be  oriented  toward  the  furnishing  of  the  proper  suscep¬ 
tibility  data  to  satisfy  this  purpose.  In  order  to  provide  this  orientation,  the  direction  for  the 
testing  program  should  be  obtained  by  considering  the  requirements  of  those  future  military 
systems  which  will  use  the  data  generated.  For  this  reason,  a  future  weapon  systems  require¬ 
ments  study  was  carried  out.  It  was  anticipated  that  the  results  of  this  weapon  systems  require¬ 
ments  study  could  not  be  applied  to  the  testing  program  under  this  contract.  This  was  true  be¬ 
cause  the  study  could  not  be  completed  in  time  to  affect  the  planned  experiments.  Thus  a  future 
radiation  damage  program  definition  is  the  goal  toward  which  the  study  was  directed. 

Study  Limitation 

■The  requirements  study  was  intentionally  limited  in  its  scope.  One  purpose  of  these  limita¬ 
tions  was  to  concentrate  the  study  effort  on  those  areas  where  transient  nuclear  radiation  data 
is  most  sorely  needed.  The  effective  range  of  transient  effects  is  much  greater  for  extra-at¬ 
mospheric  systems  than  for  those  in  the  atmosphere  because  of  atmospheric  attenuation  of  the 
radiation.  Because  of  this  relatively  greater  importance  of  nuclear  radiation  kill  effects  above 
the  atmosphere,  it  was  decided  that  only  those  system  portions  which  go  beyond  the  atmosphere- 
should  be  studied. 

Weapon  Systems  Studied 

Five  typical  future  extra-atmospheric  weapon  systern  vehicles  were  selected  for  study. 
These  vehicles  are: 

1.  An  IR  reconnaissance  satellite,  used  for  surveillance  of  boosting  ICBM’s. 

2.  An  equivalent  radar  reconnaissance  satellite. 

3.  A  communications  relay  satellite. 

4.  An  anti-ICBM  satellite,  designed  to  intercept  ICBM’s  during  their  boosting  phase. 

5.  An  anti -satellite  vehicle. 

None  of  these  vehicles  is  in  a  complete  design  stage  and  therefore  no  complete  design  was 
available  for  study.  However,  preliminary  designs  were  available  for  all  of  these  vehicles. 
These  preliminary  designs  were  used  in  evaluating  the  equipment  requirements. 
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Because  these  preliminary  designs  were  not  completed  in  sufficient  detail  to  indicate  exact 
functional  and  circuit  configurations,  two  additional  systems  were  chosen  which  did  not  have  this 
drawback.  These  are  Minuteman  and  the  unmanned  version  of  Dyna  Soar. 

Functional  Sub-Systems  Studied 

Only  those  electronic  sub-systems  were  considered  which  previous  experience  indicated 
were  most  susceptible.  The  size  limitation  of  the  program  precluded  a  complete  survey.  The 
electronic  sub-systems  could  be  broken, down  into  four  categories  as  follows: 

1.  Sensors  and  mechanical-to-electricai  transducers. 

2.  Logic  sub-systems,  including  data  processing,  transmission,  and  display. 

3.  Motor  transducers ,  such  as  solenoid  valves,  electric  motors,  etc. 

4.  Electrical  power  supplies. 

Those  items  which  fail  into  categories  (1)  and  (3)  are,  as  a  group,  relatively  insensitive  to 
nuclear  radiation.  There  are  some  items  in  category  (1),  such  as  IR  sensors,  which  are  definite 
exceptions,  however.  Thus  those  functional  sub-systems  in  categories  (2),  (4),  and  some  of  (1), 
are  worthy  of  consideration.  Only  the  functional  sub-systems  wiiich  fall  under  category  (2)  have 
been  examined  to  date, 

'  i 

Weapon  System  Study  Results 

The  logic  sub-systems  under  category  (2)  were  expected  to  contain  certain  fundamental 
units,  necessary  to  the  operation  of  nearly  all  of  these  subsystems.  The  object  in  stud3dng  these 
sub-systems  was  to  obtain  those  units  most  necessary  to  all  the  sub-systems  and  also  most 
susceptible  to  nuclear  radiations.  These  units  were  found  to  be  fundamental  only  at  the  “basic 
circuit  type”  level.  These  basic  circuit  types  were  assigned  priorities  determined  by  their 
frequency  of  use  and  by  their  susceptibility  to  nuclear  radiation. 

TESTING  AND  ANALYSIS  PROGRAM  DEFINITION 

Sample  circuits  for  each  of  the  high  priority  basic  circuit  types  were  obtained.  These  cir¬ 
cuits  were  taken  from  weapon  system  vehicles  now  being  designed.  The  original  intent  was  to 
analyze  these  typical  examples  to  determine  their  behavior  in  a  nuclear  radiation  environment. 
The  results  of  these  analyses  would  then  be  compared  with  the^exgerimf  ntally  determined  be¬ 
havior  so  that  the  analysis  methods  could  be  checked. 

It  was  realized  that,  for  each  piece  part  used  in  these  satAple  circuits,  an  intensive  part 
testing  procedure  must  be  done.  Also,  once  the  testing  was  accomplished,  analog  devices  would 
have  to  be  devised  to  permit  simulation  of  each  of  these  piece  parts.  This  would  be  the  first 
time  such  an  intensive  testing  and  analog  devising  procedure  would  have  been  attempted.  The 
difficulties  which  would  be  encountered  are  obvious. 
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The  sample  circuits  obtained  were  complicated  by  many  special  requirements  peculiar  to 
the  application  of  the  sample.  Furthermore,  the  number  of  different  types  of  piece  parts  used, 
when  manufacturer,  temperature  compensation  characteristic,  accuracy  requirements,  fre¬ 
quency  response  requirements,  power  ratings,  special  mountings,  etc.,  were  taken  into  account, 
was  hopelessly  large.  It  was  apparent  that  the  t57pical  examples  could  not  be  used  directly,  if 
more  than  one  circuit  was  to  be  analyzed  in  a  limited  program.  A  different  definition  of  basic 
circuit  type  was  necessary.  The  samples  examined  were  broken  down:  into  simpler  “basic  build¬ 
ing  block'’  circuits.  At  this  level  of  breakdown,  it  was  decided  that  the  basic  building  block  cir¬ 
cuits  could  all  be  implemented  by  a  standardized  set  of  component  parts  so  that  families  of 
piece  parts  could  be  tested  together.  This  decision  permitted  the  development  of  a  feasible  test¬ 
ing  and  analysis  program. 

The  basic  building  block  circuits  to  be  tested  have  been  defined,  and  the  standard  inventory 
of  piece  parts  to  be  used  in  them  has  been  decided  upon.  Since  the  testing  of  these  piece  parts 
will  be  directed  toward  furnishing  data  for  circuit  representation,  the  piece  part  testing  pro¬ 
cedure  also  must  be  defined.  Some  of  this  work  has  been  completed. 
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FUTURE  PROGRAM  DEFINITION 
REPRESENTATIVE  HIGH  PRIORITY  BASIC  CIRCUITS 

After  completion  of  the  requirements  study,  a  few  actual  circuit  designs  representative  of 
the  highest  priority  basic  circuit  types  were  selected  from  among  the  Minuteman  Airborne 
Digital-Computer  Circuits.  A  Flip-Flop,  a  Read  Amplifier,  and  a  Write  Amplifier  were  exam¬ 
ined  in  order  to  determine  if  these  circuits  were  actually  “basic”  in  themselves  or  if  they  were, 
in  fact,  a  complex  of  even  more  basic  “building-blocks”  which  could  be  combined  to  form  these 
and  the  other  configurations  selected  for  analysis. 

Of  the  three  circuits  under  consideration,  the  Flip-Flop  shown  in  Figure  70  is  the  least 
complex.  Even  so,  it  is  observed  that  of  the  four  transistors  used  in  the  circuit  only  two  (Q2 
and  Q3)  are  essential  to  the  “Flip-Flop”  action.  The  other  two  transistors  (Q1  and  Q4)  merely 
amplify  the  resulting  signal.  Furthermore,  much  of  the  complex  input  circuitry,  while  serving 
important  functions  such  as  timing,  “fail-safing,”  speed-up,  set  and  reset,  etc.,  is  not  required 
in  the  basic  Flip-Flop  circuit.  -  — 

BASIC  BUILDING  BLOCK  CONCEPT 

Building  Blocks  versus  Basic  Circuits 

The  samples  obtained  of  the  more  important  basic  circuit  types  could  be  tested  in  their 
entirety  for  resistance  to  radiation.  However,  it  was  immediately  apparent  that  these  circuit 
types  in  themselves  are  too  complex  to  permit  ready  analysis  on  any  reasonably  short  sched¬ 
ule  program.  For  example,  the  basic  Flip-Flop  circuit  type  sample  shown  in  Figure  70  con¬ 
tains  twenty-four  components  and  10  independent  nodes,  not  counting  the  filter  and  voltage  set¬ 
ting  networks.  There  is,  therefore,,  a  set  of  ten  simultaneous  differentia^' Equations,  containing 
at  least  36  independent  parameters  which  must  be  solved  to  analyze  this  circuit.  To  determine  . 
the  response  of  the  circuit  to  a  transient  radiation  burst,  many  of  the  above  parameters  are 
functions  of  time. 

The  basic  circuit  types  found  to  be  most  impoi’tant  may  be  broken  down  still  further  into 
building  block  circuits  which  can  be  added  together  to  form  the  whole  basic  circuit  type.  The 
flip-flop  of  Figure  70  for  example,  can  be  broken  down  into  a  basic  flip-flop  circuit  plus  two 
gi’ounded  emitter  amplifiers  and  two  diode  networks.  Each  of  these  can  be  analyzed  separately 
for  their  transient  radiation  response.  It  is  expected  that  these  analyses  will,  in  general,  in¬ 
volve  the  use  of  an  analog  computer.  The  results  will  therefore  be  most  useful  in  supplying  an 
analysis  method,  rather  than  the  specific  analysis  of  the  particular  basic  circuit.  Once  the  me¬ 
thod  has  been  checked  by  actual  testing  of  sample  building  block  circuits,  it  will  be  available  to 
analyze  the  more  complex  basic  circuit  types  obtained  from  the  system  analysis. 

Building  Block  Circuits  to  be  Studied 

Figures  70  through  83  are  simplified  representations  of  the  basic  building  block  circuits 
which  resulted  from  the  requirements  study.  These  are; 
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Figure  70  -  Basic  Flip-Flop  Amplifier. 
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1. 

Balanced  amplifier 

(Figure  71) 

2. 

Super  emitter  foHower 

(Figure  72) 

3. 

Phase  inverter 

(Figure  73) 

4. 

Multivibrators 

a.  Free  running 

(Figure  74) 

b.  One-shot 

(Figure  75) 

c.  Controlled 

(Figure  76) 

5. 

D-C  coupled  multivibrator  (Flip-Flop) 

(Figure  77) 

6. 

Clipper  -  limiters 

(Figure  78)  and 
(Figure  79) 

7. 

Blocking  oscillator 

(Figure  80) 

8. 

Single-stage  amplifiers 

a.  Common  base 

(Figure  81) 

b.  Common  emitter 

(Figure  82) 

c.  Common  collector.- 

(Figure  83) 

9.  Certain  types  of  feedback  circuits  such  as  cross -coupled  amplifier  stages,  mixer  and 
converter,  and  discrimination  stages  and  gates.  (No  example  shown) 

Three  of  the  basic  building  block  circuit  types,  which  will  include  five  circuits  in  all,  have 
been  tentatively  chosen  for  future  analysis  and  test.  These  are: 

1.  All  three  configurations  of  single-stage  amplifiers  (8). 

2.  A  balanced,  differential  amplifier  circuit  (1). 

3.  A  bistable  multivibrator  (flip-flop)  curcuit  (5). 

Not  only  are  these  circuits  the  most  basic  building  blocks,  but  they  are  also  closely  related 
to  one  another  in  configuration.  As  a  result,  a  maximum  of  information  may  be  obtained  with  a 
minimum  of  analysis  and  piece  part  testing. 
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Figure  73  -  Phase  Inverter. 
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Figure  74  -  Free  Running  Multivibrator. 
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Figure  78  -  Diode  Clipper. 


Figure  80  -  Blocking  Oscillator. 
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SELECTION  OF  PIECE  PARTS 


General 

Since  the  analysis  program  will  be  a  program  for  developing-analytical  methods,  it  is  not 
intended  to  furnish  complete  data  on  all  possible  piece  parts  which  could  be  used  in  the  basic 
building  block  circuits.  Therefore,  the  testing  portion  of  the  program  will  be  intentionally  lim¬ 
ited  to  obtaining  data  on  only  a  small  number  of  selected  representative  piece  parts.  These 
piece  parts  to  be  used  in  the  program  have  already  been  selected.  The  following  points  were 
used  in  making  the  selections. 

1.  Select  only  piece  parts  which  have  general  usefulness  In  the  basic  building  block  cir¬ 
cuits.  This  eliminates  such  specialty  items  as  switches,  panel  meters,  neon  bulbs,  rectifiers, 
and  temperature  compensating  elements.  In  addition,  since  chokes  and  vacuum  tubes  are  not 
common  elements  in  the  basic  circuits  considered,  they  were  also  eliminated. 

2.  Select  only  those  piece  parts  for  which  some  radiation  data  is  available,  where  possible. 

3.  Select  only  those  ratings  of  piece  parts  which  are  most  useful  in  the  basic  building  block 
designs. 

4.  Where  many  different  rating  and  values  of  the  same  type  of  component  must  be  used, 
select  complete  families  of  piece  parts  so  that  interpolation  of  data  is  possible. 

The  piece  parts  selected  for  testing  and  design  included  only  transistors,  resistors,  capa¬ 
citors,  and  diodes  (both  normal  semiconductor  and  zener  types). 

Transistors  Selected 


The  transistors  considered  for  selection  are'  shown  in  Table  16.  Each  of  these  transistor 
types  has  been  irradiated  and  a  fair  amount  of  data  are  available  on  them,  mostly  data  con¬ 
cerned  with  permanent  damage.  From  these  transistors,  two  were  selected  for  their  applica¬ 
bility  to  the  basic  building  block  circuits.  These  are: 


1.  Texas  Instrument  2N336,  a  silicon  NPN  transistor  With  a  medium  power  rating  (150  mw) 
and  an  alpha  cutoff  of  15  megacycles . 


a 


2.  Philco  2N393,  a  germanium  PNP  transistor  with  a  low  power  rating  (50  mw),  a  high 
(150)  and  an  alpha  cutoff  of  40  megacycles. 


Diodes  Selected 


The  semiconductor  diodes  considered  for  selection  were  narrowed  down  to  the  1N914  and 
1N277.  The  1N277  is  a  0,2  microsecond  recovery  germanium  diode  with  a  maximum  inverse 
voltage  rating  of  125  volts  and  a  forward  current  rating  of  100  milliamperes .  Preliminary 
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information  was  obtained  on  the  transient  radiation  damage  to  this  diode  and  is  reported  in  Ap¬ 
pendix  F.  The  1N914  is  a  fast  recovery  (1  nanosecond)  silicon  diode  with  a  maximum  inverse 
voltage  rating  of  75  volts  and  a  75  milliampere  forward  current.  No  radiation  damage  informa¬ 
tion  is  available  on  this  diode  but  the  requirements  for  a  fast  recovery  diode  which  would  be 
compatible  with  the  40  megacycle  transistor  dictated  its  selection. 

Three  zener  diodes  were  also  selected.  These  diodes  are  all  of  the  same  manufacturing 
type,  differing  only  in  the  zener  voltage.  These  are  Hughes  types  1N704,  1N708,  and  1N714,  with 
zener  voltages  of  3.7  to  4,5,  5.6,  and  10  respectively.  None  of  these  diodes  have  been  tested  in 
a  radiation  environment  but  no  others  in  these  voltage  ranges  were  available  which  had  been 
tested. 

Resistors  Selected 


The  resistors  selected  are  Allen  Bradley  composition  resistors  in  all  values  from  10  ohms 
to  1  megohm.  IBM  has  measured  these  in  a  pulsed  radiation  environment.  The  wattage  ratings 
selected  are  1/2  watt,  1  watt,  and  2  watts.  The  tolerance  selected  is  five  percent. 

Capacitors  Selected 

A  very  wide  range  of  capacitor  values  is  used  in  building  block  circuit  design.  These  range 
from  the  50  to  100  picofarad  capacitors,  used  for  spurious  time  constant  elimination  and  “speed 
up”  service,  up  to  the  electrolytic  styles  used  for  bypass.  For  this  reason,  three  types  of  capa¬ 
citors  were  selected. 

First,  for  the  low  values  from  100  picofarads  to  1000  picofarads,  silver  mica  capacitors 
manufactured  by  El  Menco  will  be  used.  The  voltage  rating  is  500  volts.  For  ^e  medium  capa¬ 
citance  range,  0.01  to  1  microfarad,  Sprague  Vitamin  Q  capacitors  will  be  used.  Their  voltage 
rating  is  400  volts. 

Two  types  of  tantalytic  capacitors  will  be  used  for  the  higher  capacitance  ranges.  For  one 
microfarad  and  0.1  microfarad  si^es,  Sprague  solid  dielectric  capacitors  will  be  used.  Their 
.'voltage  rating  is  35  volts.  For  a  ten  microfarad  size,  a  Sprague  sintered  slug  capacitor  was 
chosen.  Its  voltage  rating  is  35  volts.  A  120  microfarad  capacitor  will  be  tested  for  leakage 
only.  It  is  also  a  sintered  slug  type,  made  by  Sprague.  Its  voltage  rating  is  15  volts.  Some  radi¬ 
ation  damage  data  are  available  on  all  of  these  capacitor  types. 

PIECE  PART  TESTING 

General 

The  methods  of  test  and  analysis  must  be  defined  to  the  extent  that  a  complete  series  of 
tests  may  be  planned  out  before  any  of  these  tests  are  performed.  Since  the  testing  program 
should  lead  to  a  method  of  analysis  for  predicting  circuit  behavior,  all  piece  part  testing  should 
be  oriented  toward  efficiently  defining  those  properties  important  to  a  circuit  representation 
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of  each  specific  piece  part  to  be  used.  The  program  cannot  afford  spurious  piece  part  tests 
which  are  not  directed  toward  this  goal.  Fox  example,  there  are  363  different  standard  resis¬ 
tors  within  the  ratings  selected  in  the  preceding  section.  However,  the  t5Tpe  of  construction  is 
the  same  for  all  of  these  resistors.  Furthermore,  there  is  a  fine  gradation  of  resistance  values 
available  within  the  resistance  range  selected.  Therefore,  only  representative  sample  resist¬ 
ance  values  will  be  selected  for  testing.  The  behavior  of  other  resistance  values  under  radia¬ 
tion  will  be  inferred  by  interpolation.  Only  those  values  of  resistance  will  be  measured  for 
which  a  significant  change  occurs.  Thus,  the  high  resistance  units  are  expected  to  undergo 
considerable  change  and  will  be  tested.  The  lower  values  will  demonstrate  correspondingly 
less  change  imder  irradiation  until  a  value  of  resistance  is  found  for  which  no  change  is  mea¬ 
surable.  Testing  will  stop  at  this  value.  ■  • 

Pre-Test  Measurements 


Resistors  will  be  measured  to  four  significant  figures  before  and  after  mounting  and  after 
potting. 

Capacitors  wilt  be  measured  for  leakage  resistance  and,  except  for  the  large  tantalytics,  . 
for.  capacitance 

The  forward  and  reverse  characteristics  for  each  diode  will  be  obtained. 

Transistors  will  be  individually  typed  for/^^fa^  qq,  and  the  common  based  hybrid  para¬ 
meters.  In  addition,  common  emitter  characteristics  will  be  plotted  for  each  transistor. 

Test  Measurements 


The  development  of  circuit  representations  which  satisfy  circuit  analysis  requirements 
will  dictate  the  test  measurements  to  be  made.  A  method  of  simultaneously  measuring  radi¬ 
ation-induced  leakage  and  capacitance  changes  in  a  capacitor  has  been  devised  by  this  labora¬ 
tory  and  will  serve  as  an  example 

The  capacitor  under  test  will  be  attached  through  a  cable  to  one  of  the  grounded  arms  of  a 
parallel-resistance  bridge  located  outside  of  the  radiation  field.  A  sinusoidal  voltage  at  a  fre¬ 
quency  of  50  to  200  Kc  will  be  mixed  with  a  variable  d-c  voltage  and  then  applied  to  the  input 
terminals  of  the  bridge.  This  voltage,  together  with  the  bridge  ougput  voltage  will  be  fed  into 
the  inputs  of  a  balanced  differential  amplifier  having  high  common-mode  rejection.  The  bridge 
will  then  be  unbalanced  slightly  so  that  the  sign,  as  well  as  magnitude,  of  a  capacitance  change 
may  be  observed.  Leakage  resistance  and  capacitance  changes  will  then  be  measured  respec¬ 
tively  as  a  function  of  d-c  level  and  peak-to-peak  variations  in  the  difference  voltage. 

This  test  method  and  the  parameters  which  will  be  measured  are  directly  related  to  the 
expected  circuit  representation  of  the  capacitor.  It  also  has  a  further  advantage;  the  number  of 
parameters  which  may  be  measured  in  a  given  test  is  maximized.  For  capacitors  and  resistors 
where  uniformity  of  product  is  easily  obtained,  this  advantage  is  not  so  important.  For  tran- 
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sistors  and  diodes,  however,  the  maximization  of  the  number  of  parameters  measured  in  a 
single  test  assumes  paramount  importance. 

A  simple  representation  of  a  diode  operated  in  the  reversed  bias  direction  is  that  of..a 
battery  in  series  with  a  resistance  element.  Both  the  battery  .voltage  and  the  resistance  are 
expected  to  change  under  irradiation.  Both  the  battery  voltage  and  the  effective  resistance 
should  be  measured  in  a  single  test  on  a  single  diode  in  order  to  obtain  a  consistent  answer. 

In  order  to  do  this,  one  possibility  is  to  devise  a  test  which  biases  the  diode  at  the  correct 
operating  point  and  which  superimposes  on  this  operating  point  an  oscillating  signal  (either 
current  or  voltage)  whose  fundamental  frequency  is  high  compared  with  the  duration  of  the 
transient  irradiation  pulse.  The  analysis  of  the  (voltage  or  current)  signal  developed  by  the 
diode  will  provide  information  sufficient  to  determine  both  the  battery  voltage  and  the  series 
resistance  as  a  function  of  the  intensity  of  the  burst.  One  attempt  at  measuring  these  para- 
haeters  is  reported  in  Appendix  VX  Due  to  test  difficulties ,  results  are  not  entirely  successful 
from  a  circuit  representation  standpoint. 

Transistors  present  an  even  greater  measurement  problem  because  six  parameters  must 
be  measured  simultaneously.  A  method  of  test  is  being  considered  which  applies  two  square 
waves  to  the  transistor,  superimposed  about  the  bias  point.  The  resultant  conjugate  wave  forms 
will  allow  a  complete  determination  of  all  six  transistor  parameters  of  interest  in  a  single  test. 
So  far  this  method  is  being  only  tentatively  considered. 

In  all  cases,  anj-^  effect  w:hich  might  introduce  significant  errors  will  either  be  eliminated 
or,  where  this  is  not  possible,  the  effect  will  be  measured  separately  and  subtracted  out  of  the 
results. 

CIRCUIT  REPRESENTATION  OF  PIECE  PARTS 
Effects  to  be  Represented 

As  the  basic  data  on  the  radiation  effects  on  piece  parts  and  material  becomes  available 
through  testing  and  review  of  the  current  literature,  the  circuit  representations  can  be  devel-  • 
oped.  The  type  of  circuit  representation  to  be  developed  will  depend  on  the  nature  and  complex¬ 
ity  of  the  effect.  The  types  of  effects  that  are  expected  are: 

1.  Conductivity  changes 

2.  Induced  current 

,  3.  Induced  voltage 

;  4.  Changes  in  dielectric  constants 

5.  Variation  in  breakdown  potential. 

•  I 

These  changes  \viH  generally  be  a  function  of  the  pulse  intensity  and  width,  the  material’s 
absorption  coefficient,  and  barrier  relaxation  times . 

i 
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Circuit  Representation  of  Capacitors  and  Resistors 


Two  simple  examples  of  possible  circuit  representation  can  be  constructed  from  material 
presented  in  the  literature.  For  example,  the  International  Business 'Machines  Corporation 
measured  the  resistance  change  for  tv/o  watt  Allen  Bradley  resistors  due  to  air  ionization  pro¬ 
duced  by  a  Godiva  n  burst.  Resistors  of  between  10^  to  10'  ohms  were  studied.  One  film  type 
resistor  was  also  measured.  The  shunt  resistance  was  computed  by  Boeing  from  IBM  data  and 
is  shown  on  Figure  84.  Since  air  ionization  is  directly  proportional  to  the  radiation  rate,  a  best 
fit  curve  was  drawn  through  the  points.  Voltage  gradient  information  was  not  in  the  report;  thus 
the  variation  of  conductivity  with  voltage  gradient  was  not  considered  but  could  explain  the 
scatter  of  some  of  the  points.  From  this  data,  it  is  seen  that  this  resistor  in  air  can  be  repre¬ 
sented  by: 


where  the  dashed  resistor  is  the  air  shunt  path  Rg.  From  Figure  84  it  is  seen  that 

R 


Rc 


so 

I(t) 


1 

where  Rgo  =  4  x  10  ohms  r/sec. 

I(t)  is. the  radiation  rate  in  r/sec. 

The  mathematical  representation  for  the  shimt  resistance  is: 


Rc 


4  X  10 
I(t) 


and  for  the  resistor: 


R(4x1012i_ 

RI(t)i-4x  10^2 

where  R ' (t)  is  the  effective  resistance  of  the  resistor  when  exposed  to  radiation. 

The  same  technique  can  be  applied  to  the  shunting  resistance  of  a  capacitor.  During  this 
test  series  at  Kukla  (see  Appendix  III),  sufficient  information  was  obtained  to  determine  the 


I 
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leakage  of  specific  capacitor  grade  dielectrics  as  a  function  of  radiation  rate.  This  v/ork, 
shown  in  graph  form  in  Figure  38  (in  Appendix  III)  will  allow  the  dielectric  shunt  leakage  to  be 
determined  for  a  capacitor. 

If  it  is  assumed  that  the  dielectric  constant  does  not  change,  the  equivalent  circuit  is  repre-  -■ 
sented  by:  . 


R 

sc 


For  Vitamin  Q  capacitors  it  is  possible  to  relate  the  shunt  resistance  change  to  a  whole 
series  of  capacitors  having  equal  dielectric  thickness  but  different  capacitance  values  for: 

O' 


R 

sc 

where  CT 
C 
K 
I(t) 

A 

For  Vitamin  Q  capacitors: 

R  ^  1.68  X  10^ 

(t) 

Circuit  Representation  of  Semiconductor  Devices 

As  was  mentioned  in  the  previous  section,  the  semiconductor  diode  is  a  more  complicated 
device  to  represent  than  either  the  capacitor  or  the  resistor.  Three  terminal  active  elements 
pose  an  even  greater  problem.  If  a  transistor  is  operated  in  a  region  where  it  is  approximately 
a  linear  device;  and  if,  moreover,  only  its  change.s  in  currents  and  voltages  are  of  importance, 
then  it  may  be  represented  by  a  second  order  square  matrix  relating  input  and  output  currents 
and  voltages.  Thus,  only  four  parameters  are  of  interest.  This  number  of  parameters  becomes 
inadequate  if  the  D.  C.  or  bias  point  behavior  is  of  interest  as  well.  For  example,  if  the  character¬ 
istic  emitter  family  of  curves  and  the  corresponding  collector  family  of  curves  are  considered, 
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is  a  power  factor  generally  between  0.  5  and  1.0 
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one  sees  that  when  the  transistor  is  operated  In  a  linear  region,  the  linearized  e^iafstions  for  a 
grounded  base  transistor  configuration  take  the  form: 


i  =  i'  + 
c  c 


i  + 
e 


e 

c 


i 

e 


+  k  i 

c 


where  these  equations  fit  the  voltage  current  convention  shown: 


% 

_ 


T- 

''c 


and  where: 


cK 


<^cb> 


(9^ 


e  =  constant 
c 


i  =  constant 
e 


i  *  =  current  discrepancy  when  extrapolated 
linear  curve  family  is  brought  to  the 
point  where  =  ie  =  0.  It  may  be 
identified  withJco  foi;  an  ideally  linear 
transistor. 


k 


0  ^e 


i  -  constant 
c 


e  =  constant 


A  third  term  should  appear  in  the  equation  for  ig,  for  symmetry  reasons,  althoiijlgli it  is  a 
vanishingly  small  term  for  a  normal  junction  transistor. 
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The  above  treatment  has  indicated  that  there  are  six  independent  parameters  relating  in¬ 
put  and  output  voltages  and  currents  in  a  D.C.  sense.  Each  of  these  parameters  is  expected  to 
change  in  radiation  environment.  In  addition,  each  of  these  parameters  is  not  a  constant  inde¬ 
pendent  of  transistor  bias,  but  is  a  non-linear  quantity  which  changes  as  a  function  of  the  tran¬ 
sistor  currents  and  voltages.  To  treat  a  transistor  fully  and  accuratei}'^  as  a  circuit  element, 
the  behavior  of  these  six  parameters  as  a  function  of  radiation  must  be  known. 

CIRCUIT  ANALYSIS 

General 

WTiere  possible,  direct  analytical  solution  of  the  sy^stem  equations  as  affected; by  radiation 
will  be  used.  For  the  majority  of  circuits,  however,  such  a  solution  is  likely  to  prove  much  too 
tedious.  In  this  event,  an  analog  solution  of  these  equations  will  be  obtained.  In  sopae  cases,  the 
direct  analytical  approach  will  lead  to  closed  form  solutions  and  are  to  be  preferred  over  a 
completely  analog  solution  because  of  the' insight  an  analytical  solution  yields.  Even  here 
though,  the  closed  form  solution  is  likely  to  be  only  an  indicated  solution;  Numerical  solutions 
would  still  have  to  be  obtained  on  an  analog  computer. 

Results  of  Analyses 

The  analysis  methods  to  be  developed  must  be  capable  of  reliably  predicting  the  behavior 
of  a  given  circuit  under  transient  nuclear  radiation  conditions.  It  would  be  desirable,  but  it  is 
not  required,  that  the  methods  allow  the  symthesis  of  optimum  hardness  circuits  by  direct  math¬ 
ematical  methods.  It  is  sufficient  that  the  methods  be  capable  only  of  computing  the  transient 
voltage  and  current  waveforms  which  exist  within  the  circuit  under  irradiation. 

The  development  of  the  analysis  methods  is  in  itself  the  prime  goal  of  the  program.  This 
is  not  sufficient,  however;  one  must  have  confidence  in  an  analysis  method  before  he  is  willing 
to  use  it.  Therefore,  the  methods  must  be  used  on  several  circuits  and  the  predictions  obtained 
must  be  checked  by  experiment.  When  this  is  done,  not  only  the  analysis  method  but  also  the 
measured  effects  of  transient  nuclear  radiation  on  several  circuits  will  be  obtained.  These  two 
items  will  thus  be  the  direct  results  of  the  analysis  program. 

Example  of  Analysis  Method 

One  simple  example  of  the  analysis  of  a  circuit  undergoing  a  transient  radiation  burst  has 
been  computed.  This  example  was  simple  enough  to  permit  an  indicated  closed  form  solution. 
The  analysis  has  not  yet  been  checked  by  direct  experiment,  and  moreover,  has  not  yet  been 
extended  to  include  the  limits  of  accuracy  of  the  solutions . 

Consider  a  series  connection  of  a  capacitor  C,  a  resistor  R,  and  a  constant  battery  voltage 
E.  The  equivalent  circuits  for  both  the  capacitor  and  the  resistor  were  shown  in  the  last  sec¬ 
tion.  The  battery  voltage  is  assumed  not  to  change  under  irradiation.  Thus,  assuming  a  resis¬ 
tor  in  air,  Godiva  type  pulses  (with  half  widths  of  about  lOO^ec  and  radiation  rates  I(t)  up  to 
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lO'^roentgen/second),  and  a  Vitamin  Q  type  capacitor,  one  can  take  as  a  first  approximation 
the  following  equivalent  circuit: 


where 


R 


R 

so 

I(t) 


R  _ 

sc  - 


,12 


A 


R  =  4  X  10  -Tl  r/sec 
so 

k'- 1.68  X  10®ny/f 

y  S-0C  f 

From  this  equivalent  circuit  one  obtains 

lO"®  C  (E  -e)  ^ 

dt 


A  = 


-e 


C  I^(t) 


0.7 


R  I  (t)  +  R 
RR 


so 


so 


This  may  be  written  in  the  form 

f{t)  -  eg<t) 

where  f(t)  and  g(t)  are  known  functions  of  time,  the  solution  e(t)  can  be  given  in  closed  form 
as: 

r  t 

g(s)ds 

But  even  for  this  simple  circuit,  the  analog  solution  of  the  differential  equation  gives  the 
quickest  results. 


I 

f 


f(r)exp 


g(s)ds 


dr 


The  circuit  and  the  radiation  pulse  generating  functicms  were  set  up  on  the  PACE  analog  , 
computer.  The  actual  analog  simulation  use  is  shown  in  Figure  85.  The  transient  response  of  ' 
the  circuit  for  a  gaussian  radiation  pulse  using  various  combinations  ofR  and  C  were  determined. 

Figure  86  shows  that  the  maximum  value  of  e(t)  increases  with  increasing  size  of  R  and 
also  with  increasing  value  of  C  (since  the  curve  for  C  =  0.01/uf,  R  =  0.1  Mfl  was  nearly  identi¬ 
cal  with  that  for  C  =  0.1/<f,  R  -  0.01  MA).  Another  fact  can  be  read  from  Figure  86  the  maxi¬ 
mum  in  the  output  voltage  for  C  -  0.1/^  f,  R  =  0.01  MA  occurs  earlier  than  that  for  C  =  0.01// f, 

R  =  0.1  Mil ,  but  later  than  that  of  the  radiation  rate,  as  is  to  be  expected. 
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Figure  k5  -  Aiialog  Simulation 
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The  curves  e(t)  are  stopped  at  t  =  480/^  see  but  the  missing  tails  are  only  the  normal 
exponential  decays  with  the  time  constants  RC  valid  without  any  radiation. 


Figure  87  shows  the  output  voltage  e(t)  of  four  different  RC  -  circuits  with  equal  time  con¬ 
stants  RC  =  1  m  sec.  As  is  seen  from  the  figure  the  maximum  voltage  increases  with  capa¬ 
citance  size  up  to  a  limit  of  eight  volts. 

The  next  phase  of  this  program  will  be  to  measure  the  parameters  of  these  circuits  in  a 
radiation  environment,  to  determine  the  validity  of  the  theoretical  analysis. 

CIRCUIT  TESTING 

The  anal.vsis  methods  to  be  developed  will  be  applied  to  at  least  three  circuits.  These  cir¬ 
cuits  will  be  built  and  tested,  either  in  a  critical  assembly  facility,  or  with  the  flash  X-ray 
facility,  or  both.  The  parameters  of  each  piece  part  within  each  circuit  will  be  measured  both 
befoi'c  and  after  irradiation.  During  the  burst,  all  circuit  nodes  will  be  instrumented  and  the 
transient  waveforms  obtained.  The  same  precautions  mentioned  under  piece  part  testing  will 
also  be  taken  here. 

The  experimentally  obtained  voltage  waveforms  for  each  irradiated  circuit  will  be  com¬ 
pared  with  the  waveforms  computed  for  that  circuit.  The  pre-test  measured  parameters  will 
be  used  in  performing  the  circuit  computation  so  that  the  error  expectation  will  be  zero.  Any 
significant  deviation  of  the  measured  waveforms  from  the  calculated  waveforms  will  be  stud¬ 
ied  for  the  source  of  error.  This  error  may  have  occurred  in: 

1.  Obtaining  original  piece  part  data. 

2.  Piece  part  representation. 

3.  Analysi.s  method. 

4.  Pre-test  measurements. 

5.  Circuit  test. 

WTierever  possible,  the  error  will  be  traced  to  one  of  these  causes.  If  it  lies  in  the  original 
piece  part  data,  the  parts  will  again  be  tested.  In  any  case,  an  attempt  will  be  made  to  eliminate 
the  error  and  the  circuit  will  be  retested. 
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